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ABSTRACT

-~

The in vitro and in vivo hetabolism of N-(n-propyl)amphetamine

-

(NPA) and some related amphetammes was mvest1gated

In vitro m‘ohsm of (1)- NPA at pH 7. 4 using the 12, 000 X g

~ 7
)

L

cofactors but not nicotinamide, resulted in the formation of various

supernatant of homogenized rat liver fortified with the normal

products including two N- oxygenated compounds identified as N-

-

hydroxy 1 -phenyl- 2 (n- propylammo)pr.opane, i.e. N- hydroxy NPA

and N [(1- methyl 2-phenyl)ethyl] -1- -propanimine N-oxide, i.e.
NPA-ni;rone. These“ two met'é.‘bolites were identified by comparison »
of their t. 1. c . 8-1.c. and combined g.l.c. /r\n §. properties with
those of authent:lc:samples of each. Other metabolites identified |
in the same manner were amphetamine, phenylacetone, pheny_lacetone
oxime and a previously unreported met_'ai)olite, 2-(2-hydroxyp_ropylémino)~
l—phenylpropane.' Methods employed in the quar;_titatibn ofi_nliﬂg
metabolic N-oxidation are discussed in detail.
Increaging the pH//of the incubatiqtf mixture from 7. 4 to 8. 4,

or in vive pretreatment ef rats with 3-methy1cholanthrene resulted

/ :
in an increase in the in vitro metabolic N-‘oxidation of NPA; whereas
pretreatment Witil. phenobarbital or NPA did not. ‘The p;'eaence of
SKF SZSTA in incubation mixtuxes reduced the amount of C—O)eidation

[ Y] . :
and to a lesser degree, N-oxidation, ! Including“hicotinamide in in

Vitro incubation mixtures significantly reduced N-oxidation of NPA.



A

When (+)-NPA or (-)-NPA. was used as the substrate in vitro,
the rate of C-,ox‘idation was greater with (+)-NPA than(-)-NPA -
whereas the contrary was true fc;r N-oxidation, The presence of

EDTA or ascorbic acid in the incubatio’h mixtures had little effect

on the N-oxidation of NPA,
. 5' i
In vivo metabolism in the rat of NPA or its analogs, i.e. amphetamin’e.

N-methylhmphetamine (NM‘A), N-ethylémphetamine (NEA), or Nfg-
butylamphetarnine (NBAC), re’sulted in'the formation of phenolic
r.ne.t,abolites i.de‘nt‘ified'as\the Para-hydroxylated derivatives of the
respecti;le substrate:s. Ir;'th'e ca'se of NPA, NEA, and NBA ,‘ a r

previously unreported ring-hydroxylated and methoxylated metabolite

was also identified in urine extracts by g.1.c. and combined g.1l.c./m. s.

and by comparison to authentic 'samples of each. ’ w .

¢

The metabolism of 1-phenyl-2-propanane oxime, a known

metabolite of amphetamine, was also investigated, In vitro 'metaboli,s%n
. ' N ("7{.- .
of this oximé with the 12,000 x g supernatant from homogenized

. : ‘ . A
rat-liver gave one major and two minor metabolites which were

. % ) '

identified as Z-nitr%—I -phenylpropane, benzyl alcohol and 1-phenyl-.
Y, -

Z-propanone, respectively, by means of g.l.c., combined g.1l.c./m.s.,

and by comparison with authentic samples of each. -
J y )

vi.
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v

‘Drug vmetabolism or drug biotransformation may be defined as
a study of the chemical modification of drugs or other foreign compounds

(xenobiotics) by enzyme systems. It can be studied in’either in vivo,

i.e., whole body experiments, or f_hvitl‘o where specific enzyme

systems are isolated from tissues or orgaﬁs. The in vitro system

1is of particular value when the substrate in question is toxic or

. carcinogenic in the whole.animal or if individual metabolites or

metabolic steps are of interest.

A'zo-reduction and oxida‘tive N-demethylation of aminoazo dyes °
‘ ’

(fig. 1) were among the first examples of in vitro metabolism of
xenobiotincs by homogveni:;,ed liver tissue (1, 2). Thesé experiments
and others (3, 4) demonstrated that there was a"specific fraction of
a liver ho‘mogenate,that could be obtained by differential centrifugation
whiélh was responsible for t}}e mefabolism observed. The portion
of the hc;mogenized iiver used in these_i_n!_i_tLg metabolism studies
is now commonly referred to as the microsomal fraction or fhe;

10', 000 x. g superxloant. It required nicotinamide adenine dinucleotide

+
phosphate (NADP ), nicotinar.ide adenine dinucleotide (NAD),

++ R
Mg  and molecular oxygen for maximal metabolic activity.

Microsomal fractions can be obtained from tissues other than liver

although in vitro metabolism studies generally employ liver preparations.
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Fig. 1. The redictive cleavage of 4-dimethylaminoazobenzene (top) —

and N-demethylation of 3'4'n‘iethy1-4-monomvethylamir{xoazobenzene
(bottom) by rat liver homogenates. '
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Among the other sources of microsomes are lung, adrena'l;s, brain,
testes, and kidney (\5-7). ;

The microsomal fraction is not the only portion of the liver homogenate
that is of interest in L;irug metabolism. 'Purified microsomal protein
is obtained by ultracentrifugation (100, 000 x g for 60 min) of the
10,000 x g supernatant (fig. 2). The so-called microsomal pellet
obtained by this method is us.ed to'st‘u‘dy the properties of cytochrorr;e'
P-450 (8-10), to determine microsomal protein (11), and as a source
of purified enzymes for kinetic studies (9,12). Althougﬁ some
metabolic redaction is catlalyzed by microvsc.)mal enzymes, redﬁctases
tend to be localize}cl‘in the mit;ochdndria (1>3), which ca‘n bg isolated
as shown in fig. 2 The supernatant obtained by centrifug\ation
- of a liver homogengte at 600 x g has been used as an adjunc.t in
subcellulrar localization of enzymatic actl'ivity but is of little use in
other studies of drug metabolism due to its relae.t‘iveémpuri'ty' (‘\\l 1). N
»Brodie _ég_gl. ,(3) d_emonstratéd that it was the red"ucéd forrr;\of_
NADP+ (ﬁ.- NADPH) thaf was requiréd for the a'cti.\-ri'ty of the
microso'ma‘tl system and that NADPH could be generated from NADP+
in the presence of':glucosé-é—phosphate (G-6-P) aﬁd the enzyme
glucose—é-phosphate dehydrogenase (fig. 3). Thi-s requirement for NADPH;
complicates experiments which utilize the 1;"1 OOO x g microsomal
pellet rather than the 1_0., 000 xg supérnatant. Glucose-(;-phos;;hate
_ ‘ :

dehydrogenage is present in the 10, 000 x g supernatant but is lost

e
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HOMOGENIZED LIVER TISSUE -
(20% w/v in 1,15% KC1)

10 min x 600 x g

Pl

20 min x 10, 000 x g :]“ nuclei, unbroken cells, debri =~

10,000 x g supernatant
(microsomes + soluble fraction)

60 min x 100, 000 x g dénsity —_— mitochondria i

gradient .

|

“ -
soluble fraction

}- microsomal pellet

(particulate fraction)

PR

-, ~-

Fig. 2. Schematic representation of the methods used to prepare
various fractions of liver homogenate for use in_in vitro drug .
metabolism studies. S R/
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Fig. 3. Schematic representation of the relatibriship between ‘glucose-é— +
phosphate (G-6-P) and nicotinamide adenine dinucleotide phosphate (NADP )

and the production of reduced nicotinamide adenine dinucleotide phosphate -
(NADPH). G6PDH;: glucose-6-phosphate dehydrogj'enase. 6PGL: 6-phospho-

gluconolactone,
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when Phe 100, 000 x g pellet is brepared (11). As a result, glué‘ose-
6-pho:phate dehydrogenase must be added, along with G-6-P_and-
NADP+, to the solutions when the resuspended 100, QOO x g pellet
is used. NADPH may be added directly to the incul;ation mixture but

PR

due to its relative instability (i.e. conversion to NADP+) it must usually
be added in aliquots over the duration of the incubation.

Since these early reports, numerous studies of the microsomal
énzyme systems and drug metabolism have be'en published. Detailed
treatment of the more current advanc;es can be found ir; the published -
proceedings of fwo symposia devoted to microsomes and drug oxidations
(14,15).

" Microsomes are known to be involved in a wide variety of metabolic
oxidative reactions including deamination, O-, N-, and S-dealkylation,
aliphatic C-oxidation, ring hydroxylatyion and N-oxidations. Examples
of these and other metab.olic reactions can be found in recent reviews
(13,16,17). Azo- and nitro—reductaéeé are also present to a certain \,
extent in tissue microsomal fractions.

The terms ""mixed- function oxidase" or "mono-oxygenase' have
-been frequently used to describe the microsomal drug metabolizing
system. Both of these terms simply mean that for eve'ry molecule
of oxygen consumed during the c.ourse of a metabolic oxidation, one
atpm is incorporated into one molecule of substrfat&jaad one atpm-l

undergoes reduction to water (18). Although the term mixed-

function oxidase (MFOQ) is non-descriptive, much is known of the
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= chemistry of the reactions involved in ci:"ug metabolism. It is thought

that MFO is a camplex-arrangement of enzymes and enzyme cofactors

of which some component (identified as ‘A" in scheme 1) is reduced
LI

by NADPH. - This reduced cor;rxp;onent (AHZ) then reacts with molecular
oXygen t? form what is referred to as an "active oxygen'' intermediate.
It is generally thought that this active intermediate can then react

with a substrate and subsequently transfer the oxygen to that substrate.

\
Based on this theory, Gillette (19) formulated the reaction sequence
illustrated in scheme 1. A major limitation of this sequence is that

it does not explain the mechanism of oxygen incorporation into the

substrate. . Q

NADPH + A + H' ——— AH, + NADP"
AHy + 0O —— ACTIVE OXYGEN

ACT®VE OXYGEN + DRUG =~ —— DRUG-OH =+ A + H-0

NADPH+ 0y » DRUG + Hy0 ——— NADP's H,0 + DRUG-OH
Iad

Scheme 1

»

It has llong Beefl accepted that the hérrioprotein éytochrome P-;ISO
(usually simply termed P-4SO) plays a major role in microsomal
drug met;‘«lboliism and it is now believed that P-450 .is the identity
of "A'" in scheme 1. C-ox{dation -and to some extent N-oxidation

‘require the involvement of P-450 but most N-oxidative steps, i.e.

Pind /
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N-hydroxylation of phenylalkylamines, appear to inv"o'lve an enzyme {
system other\than P-450. This aiternative N-oxidation enzymt? will be
discuss?ed later. P-450 is abundant not only in liver microsomes

but also in microsomes and mitocho}dria of the adrena.l c;rtex

o

(20,21), kidney (5,6), intestinal mucosa (5) and mitochondria of the

corpus leuteum {22).
The precise ‘;‘elations‘hip between NADPH oxidation and P-450

reduction was not clearly understood until Omura et al: (23, 24),-

. working with.beef adrenal cortex, weré able to separate P-450

from other hemoproteins. They prepared a particulate fraction

containing oniy P-450 and a soluble fraction which retained the activity

of the NADPHV—cyt'ochrome P-450 reductase system. The soluble

fraction contained non-heme iron (NHI) and a flavin-adenine dinucleotide

(FAD)'-linked flavoprotein (now referrec? to as cytochrome ¢ reg\uctase)

both of which were ‘required for recon.stitutlion of the NADPH - |

cytochrome P-450 reductase activity. On the basis of this information,

Omura postulated the;t the components\kof the soluble fraction (i.e.,

NH' 4nr  strrhrome ¢ reductése) were in\;olved \n P—‘450 reduction

anc - ‘ist ‘he pathway shown in scheme 2 to il‘lu.s‘,trate the transfer

of electrons from NADPH to P-450 and subsequent oxida’tion of a

substrate. Although this theory is based on information from

adrenal tissue, other evidenceﬂ sﬁggests that the system is also

/s

present in hepatic tissue (25).
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NADP<_ _~Fp NHI 'g‘t N\

) / red. | . OX. (P—450'02)
NADPH Fp NHI ~— RH
. . 4 ox. red. P-450 -
ox ROH

Scheme 2

‘

. This scheme, however, does not explain how the 6xygeq is incor-
porated int‘o the substrate. A mo're,cc.;mplete representation of the
function of P-450 and the mechanism of oxyger; incorp‘oration into the
substrate (R-H) ce;n be viéualizéa from figure 4. This scheme suggests
that a P"-45‘0-sub‘ys‘trate'complevx is formed before oxygen is incorporated.
Thxs, however, is in direct con'tradivcti‘o_n to' the scheme of Omura |
(scheme Z). |

Figure 4 was devised by Coutts (26) from literature data (27)
and illustrates how ;—‘—-;SO s_uperoxide is believed /to. be involved in
metabolic C—oxidatiop,ALn .agreemer_:.t with the. éar:‘lier mec;hanis‘ms
proposed for meta plic oxidation_(y_ld_q supra) the essential features
~ of the sequence degicted in figure 4 are the involvement 61’ two one-

|

electron trans

r reactiox;r/s, and the éleavage of the oxygen molecile

[y
Vi

such that one atom gppears in the substrate and the other as water.

-



(Explanation Fig. 4). Cytochrome P-450 (a) in the oxidized state,
cpmbines with a substrate, RH ,' to form a complex which exhibits uv
spectra characteristic of the. mode of binding with RH, i.e. type I or |

type II binding spectra. The mechanism of complexation is not known

~

but thougﬁt‘ to involve hydrogen bonding. The subsequent reaction (b)

i

ihvolvés thé transfer of one electron, presumabfy from NADPH and
cytochrome c reductase, and reduction of P-450." This electron
transfer-is believed to be the rate-limiting step in the overall cyéle.

Reduced P-450 can be quantitated by exposure. to carbon monoxide

(E),followt;d by uv spectral measurement,

The reduced fqrm of the Pe_450—_subst}ate complex (d) now reacts

-

with moleéulgr oxygen to produce e which is not believeéd to be

. : |
sufficiently reactive to mediaterC-Qxidatioﬁ. A second electron
transfer, beli"eved: to come from NADH' reduction of cy_téchrome b_5
"and 'subsequent transfer to e, alters the oxidation state of e and

allows.formation of a reactive free radical species (f} which may be
in equilibrium with g. Structures f and g are sometimes referred to
as P-450 superoxide. Subsequent protonation to h results in oxidation’

of substra’te at which point, ROH, water and reduced P-450 (a) are -

produced. ) ) —
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The pathways represented in schemes 1 and 2 suggest that equi-
. :
valentnamdunts of NADPH, oxygén and. sub‘strate are utilized in the
reiaction. Although a stoichiometric relationship has been observed
“f‘or the metabolism of ,s.ome subsgrates (28-30), others deviate from
this rule (31,32). This discrepancy m—ay at least in part be explained .
by th¢ involvemgnt of annother heme }molecule.v‘ c;ytoch.rome\‘b5 (31). |
As pointed out by earlier investigators (1, 2) N,ADHV is requi:red for
certain micr osomal oxidativé reactions. It 'is‘n‘ow thoulght that
cytochrome‘t'>53 may be reduced by NAf)H analégous to the NADPH
redu‘ctionbof cytochrome c'(Fp ‘in scheme 2) Cytochrgrne b5 may
‘then in turn supply the second electronI required for P-450 mediated
oxidation as shown in figure 4. Sasame et al. (33) }ia\}e publislixed
i . :
éviden‘ce m‘ further support of this view. The difference in s_toichilo\-

. \ , ‘
meétric requifements for the metabolism of various su‘bs‘txjates may
iiﬁ\pa.rt b.e explained by a receént observation of the existance of at
least four distinct forms of P—}SB ea;:h of which exhibit pre_:feréntial
binding to different substrates (34). That more than one ''cytochrome
P-450" méy bg involved in drug metabolism has“bee:n suspected forg
some time_‘f‘ro"m i.nformation derived from spectral studies but this ‘is t‘he'
first report of the isolation of several forms of P-450 Where the gsp;ectral
properties are all identical. It i:s conceivable that Ehe dependenée of

: .

individual foi‘rhs of 1:?;:-450 on cytochr.ome b5 for the second electron

reaction may vary and thus explain the stoichiometric differences



/

seen with'diﬁcrent subs}trdtes.t Further, the occorencc of several
forms of liver microsomal P-450 with different subunit molecular
‘weights may account for tlxe varic,ty of mqtabCJ\\%ctiv&\ies attriboted
to this cytochrome. | |

Induction and inhibition of rxuicroaomal drug metabolizlng enzymes
and their resultant effects on the duration and mltensny of ect1on of
man;r drugs have been'the subjects of numerous reviews (35-40),
For the most‘par,t, the significance of the metabolic pathwaytof a

P

: ' |
given drug depends.largely upon whether or not the metabolite:

{
)

"is mare pharmacologmally active or tox1c than the parent compound.
For example, cyclophoephamxde (I) is mactwe as an alkylatmg
aéent until it is metabollzed by the liver by cleavage of the cyclic
P-N bond or P- O bond followed by cleavage of the phosphamide
bridge (41).. Loss of liver metabohc functlon therefore decreases

the effectlveness. and _enzyme induction increases the toxicity of

cyclophosphamide. - v , .

v

- CIC_HZCHZ\ NH-CH3

/
N—P
| N,
o ~ CICHyCHY . “No—chH,

/l v

- N . . . ; . .
Many drugs or chemicals may induce or enhance their own metabolism

o

» : .
‘or the metabolism of other compounds. Two such compounds of particular



»

interest are phe’nobarbital (PB) and 3-methylcholanthrene (3-MC). e

These two compounds differ in their mechanism of induction and in

H Ay
v vt

the typgs of‘enzymati‘cﬁreactioné they enhance (38, 42). T reatment

of animals in vivo with either 'of these compounds leads to increased:
Lre ; ‘

' !
metabolic activity, with PB having a somewhat more non-selective,
[, ‘ o . .
broader range of inducing capability than 3-MC. Administration of

both simultaneously produces an additive inducing effect. There are

several theories of enzyme induction but they are genérally based

upon either increased de novo synth‘esis of protein or a decreased

e
&

turnover of existing protein (36,43). .
Yy Inhibitors of drug metébolism,_liice the inducers, vary markedly

in their structures (fig. 5). Inhibition mediated by these compounds

L3

may occur in various ways (35), inclﬁding:

1} combination with the enzyme at the active site (competitive
‘ inhibition) or at a site other than the active site (non-
competltrve 1nh1b1t1on , e.g. SKF 525- A)

or 2) alteration of coenzyme concentration By depletlon or
interference w1th synthesis;

or 3) interference with protem synthes1s in general (antlblotlcs,
e.g. Actinomycin D). '

SKF 525-A is probébly the most freéuently used metabolic .C—
oxidatign inhibitor.l 'It is interesting to note that th.is com;)ound is
metabolica.ll‘y N.-dealkylatgd to another potent inﬁibitor, SKF 8742-A (44).
Chronic .treatmeﬁt of animals_in vivo with SKF 525-A actually lea‘ds
to enzyme induction but to a lesse;' d:egree than with PB (45).- ‘Tbhe.

significance and biochemistry of enzyme 'inHibition have been the subject

of a number of reviews (35, 42).
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Fig. 5 xamples of some compounds which mh1b1t mlcrosomal S
drug me\bohsm (see ref. 35,42).
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The metabolism of foreign compounds is generally co.nsid'ered to

be a detoxification mechanism in the excretory process. It is accepted

for the most part that incorporation of an oxygen atom into a molecule

tends to'increase the water solubility and consequently promote more

*

'rapid excretion. Furthermore, most pha,fmacologically active

17

compounds are inactivated as a result of their metabolism. Occasionally,

however, the pharmacological activity and/or the toxicity of some

foreign compounds increase as a result of metabolism (fig. 6; 46).

-

T}‘x'e idea of mertabollis;m alteriné the pharmacology of a compound has
also been appllied to pr,)oélucing drugs (termed pro-drugs) wHose
metabolites p;)ssess greater poténcy than the parent compounds. -

'izhe use': of metabolism in this manner;to prod;\lce a [;har_macologica‘lly
active product is a means of circumventing physico-c.hemical“problems

A

which may be associated with administration, absorption;formulation,:

o

etc., of the active compound.
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Fig. 6. Examples of the metabolism of drugs in which the
metabolites are either more toxic or pharmacologically more
active than the parent compound (see ref. 46).
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A. Metabolic N-oxidation - toxicological implications

Early investigations of toecicities of organic compounds were -
attempts to explain why aromatic amines caused methemoglobinemia.
In 1913, Heubner (47) proposed that aniline (1I) was metabolically
oxidized td a hydroxylamine which possessed a significant capability
to oxidize hemoglobin, Little comment followed Heubner's hypothesis
until*1959, when Kiese reporte'd that fhere was indeed a relationship

j |

between methemoglobinemia and N-oxidation of aniline to nitroso-

benzene (IIY, scheme 3; 48).

'
@NHZ- metabolism ‘QNHOH “r'rnetabolismﬁA
o W
Cowo
() |
A’B’ | = — Me.thémoglo_wbiﬁemia. |

Scheme 3

Further ihterest in the tox1colog1cal implications of metabohc
N-oxidation arose as a ‘result of the dxscovery of N~hydroxy- 24

acetylammofluorene (IV) in the urineof rats which had been fed the
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R_N,O-CGHSOG‘
“COCHy
* " GLUCURONIDE
tissue
-~ nucleophiles
eg. methionine |

R»SCHB

Qe =

Fig. 7. Metabolism of 2-aminofluorene (2-AF) via N-acetylation
(2-AAF) and suhsequent N-oxidation to the pProximate carcinogen
(N-OH-AAF) which produces its effect by reacting with tissue

nucleephiles. \\
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known carcinogen, 2-acetylaminofluorene (AAF, V;t' 49). It could be
shown that "“re N—}’mydroxy-"‘\AF reacted strongly with tissue nucleop.h~ilea
and was the proximate carcinogen (fig. 7; 50-52).

After this discovery, reports of « er carcinogenic amines and
.amides Bega-n to appear (53-58) and it is now known that many amines
u;\a‘&{gio metabdiic N—oxidatio?x.fb\tiY the toxicity of most of these compounds

is still o"psl to question. Two excellent reviews summarize the

recent knowledge of N-oxidation and its biological implications

{59, 60).

B. Metabolic N-oxidation of aliphatic amines
Aromatic and tertiary aliphatic amines have undergone the most :;319

intensive investigations in metabolic N-oxidation studies (59, 60).

For the most part these classes of Eompounds require the involvement

of P-450 for N-oxidation to procede; the reaction is subject to the

same inductior.jf and inhibition as other P-450 mediated reactions (61).

It was not unt_il, 1971 (62) that metabolic N-oxidation of a primary

aliphatic amine, amphetamine (VI) was reported. Since that time

CHz,C'fH NHZ
CH3
Vi
.. /'
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numerous reports have appeared indicating that N-oxidation of prima:y

and secondary aliphatic amines is a general in vitro metabolic route

(63-70).

Zeigle'rit al. (71) reported the isolation of an enzyme from pig liver

i

microsomes which catalyzed N-oxidation but was free of any detectable
P-450. Now termed amine oxidase, this enzyme contains FAD and

can oxidize a wide variety of tertiary amines (i. e. amines of group

Ic and IIc, fig. 8) to the corresponding N-oxides, and secondary amines

(i.e. amines of group Ib and IIb, fig. 8) tc.)\.their corresponding hydroxyl-

amines. Gorrod (72) pointed out that d'es'pite a lack of definitive studies,

s

it can be concluded from available reports that the pKa of the 'nitrogen
furiction in a givén molecule is an indication of whether P-450 or
FAD- amlne ox1dase is the enzyme involved in metabohc N- ox1dat10n

P 450 is not involved, for example, in the N-oxidation of primary and

-

secondary aliphatic amines. Recently, Beckett and,B-ellanger (73)

summarized the mechanism of flavine-mediated N)—oxidation of primary
(fig. 9) and secondary (f1g 10) aliphatic amines and concluded

(j) ’." . .
that there is a comamon metabolic N-oxidative pathway for primary’

and s‘ecpndary aliphatic amines which involves an N-hydroperoxide

intermediate.
1. In ¥itro Metabolic Nﬁbxidation
In vitro metabolic N-oxidation of primary and secondary

aliphatic amines produces a variety of N-boxygenated products. Some

of these are trueﬂm'etabolit‘es while others are decomposition products
o, P -



GROUP I
(pKa 8-11)
PRODUCT

GROUP 11
(pKa 1-7)-

PRODUCT |

GROUP 111
(pKa( 1)

PRODUCT

PRIMARY
(a)

N
RCH, H,
RCHZNHOH

ArNH
TS

A rNHOH

RFNHZ

RgNHoH

SECONDARY
(b)

RCHZNHR'
RCHZNgnﬂR'
ArNHR
[ArN(OH)R]
RCNHR '

'
i

RgNunﬂR'
o)

1

TERTIARY
(c)
RCH,NR'R"
+ ] 1
RCH,N(O)R R
ArNR'R'

+
ArN(O)R'R

RgNR&V'

Fig. 8. Different types of organic nitrogen compounds and their
metabolic oxidation products (from Ref. 72).
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(Expl'anation Fi’"g.. 9). MetabohcﬂL C-oxidation of (a) yields the
unstable carbxriolam1ne (b) which readlly eliminates amrﬁoma to give
the ketone (_c) (cf. scheme 9). Metabolic N—oxidation'may proceed |
via an initial complex (d) between.the_amine, flavoprotein and molecular
oxygen. The rate of dissociation of this complex dictates whether a
ketone or oxime or hydroxylamine is formed.

Rapid dissociation ﬁgroduces the zwitterion (e) and free flavoprotein;
proton rearrangement t{nen leads to the N-hydroperoxide (f). The
N-hydroperoxide will dec ompose readily in aqueous neutral solution
by three different roultes. One réute yields the imine (_g)' (cf. scheme
9) with hydrogen peroxgide also being formed. THe imine sub'se.quently

— Pydrolyzes to the ketone (c). A second route which proceeds v-_\ia the

3

unstable intermediate (_}i) produces the'oxime‘('). A third route yields

' the nitroso compound (_j) which rearranges to the Oxime.
| Y
- If rapid dissociation of the complex (g) ddes not occur, vthe
flavoprotéin in the complex can be reduced by transfer of two electrons
from NADPH to form the radical CQmplex (k) containin_g‘».F_pHZ. The‘
N and O free radicals will interact to give the\zwitterior‘l as a complex
(l) with -FpHZ:; the latter cz;n_then reduce the zwitterion and bdissociati'on
follows to yield flavoprotein, one moiecule of water and the N-oxide .
' (ﬁ) which uﬁdergoes prot‘on rearrangement to yield ‘the hydroxylafninfe
(n).
Sche~me was adapted from Beckett apd Bélanger (67, 73);.
R:ArChZ, Fp=flavoprotein, heavy arrows:metabblic .;:,teps, light

l

arrows=chemical changes.
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. CH3 H (':Ha \H éHj H
" HOpH] © " 17
?’; Y R
R=CZNH| +H,0; R-C=N_ [+H20 R-(¢=N=0{ « H20
| CH3 CH3 H CH3

o -
i ,H H
R-?[:J\H R--?:N/Q
CH3» CH3
1 i)
.
R- ?-0
CH3
c)

H
R-CH-N:-QQ- FpHy
' &Hg H

e

on
« HyO

O/H
R- CH NO
“H

Fig. 9 - Schematic representation of the enzymatic and non—énzymatlc )

steps in the metabolism of pr'lmaryl ‘amphetamines'.

page for explanation,

See opposite
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(Explanation Fig. 10). Metabolic alpha-C-oxidation of (a) can occﬁr',
via two routes. Oné 'route yields the unstable alkylc-arbinollamine -
(b) which rearranges under nl.-ut;'al aqu;oua conditions to the ketone
(c) and a primary amine (d). The other route ;)f _a_lél;&-C—oxfdation

[ .

will yield (e) which will rapidly eliminate the éldehyde (f) to give the
o = i T

primary amine (g).
N-oxidation will give the free radical ion complex (h) which will

v

either dissociate to i or be reduc_ed metabblically to j which proceeds

via k and 1 to the secondary hydroxylamine (ﬁ). (cf. fig. 9). The

dissociation of h toli will yield the unstable N-hydroperoxide (j).

| , Lo I '
which can decompose in neutral aqueous solution in three different

ways. One route will give hydrogen péroxide plus the unstable N-

al'kyligmine (o) (cf. scheme 9) which re.adily hydrolyses to the ketone

(_c_) and a fn{imary amine (é). The N-hydroperoxide (_g) may also

- decompose to the nitrone (p) which is feadily converted by hydrdlysis

- to the ketone (c) and a primary hydroxylamine (g). The third route

a

leads to another nitrone (I) which is reasonably stable under neutral

aqueéus conditions if R' isjother thanH. If R' = H, thén hydrolysis

will occir in water to yield the primary hydroxylamine (s) and the

3
\

aldehyde (£) .

-y

"Scheme was adabt,ed from Beckett and Be’langer (67,73).
, -~ .
R=ArCH,, R'=H, alkyl, aralkyl, Fp=flavoprotein, heavy arrows=

metabolic steps, light arrows=chemical changes

i -

—3
2
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C%xldalion R=C-N: N-oxidation ,
/ ) CHy CH2R \p’io.
J b) fi ‘C- oxidation T _ h)
R How ° |
0_{3 CHzR . R- (.: N, )
‘ oy O +2H « 2¢

L A I P iy
-C-0 + R " R-C-N RCHd R-C-N-0-0, |+Fp | [R-C-N_"~---4..0'0!
| CHy CH3 f) CH3 3

c) d)
— — — —N- Hydroperoxlde _— e — - i
H (b-oH HoH P
l\../ | |1
R-C=N_ , ‘R—(.I R . R-C-N\.—\/H R-C N 6—0 |
. CHy CHR | CHy CH2 CHy S<g CHg CHzR
\
E | 1
o) p) | r) | ) |
-C= ¢ . R 6 OH O H 0,0 ‘H O H . H- QFp
|:R ¢ NC“2R:|.H202 Rc=N 0 RGN R-C-H-0 | ehp0
CHj CHj CHZ‘R CH3 CHR “ CHg CH2R
HpO - H20 . H20
i .
Nl HYonw , WY oH
R-C=0 + RCHyNHy' R-c-o RCHy C-N +RCHO R-C-N_ |
: H éHa H f) Lo CHoR
CH3 CHy q) : CH3
d) s) .
c) _ c) - m)
Fig. 10. Schematic representation of the enzymatic and non-

enzymatic steps in the metabolism of secondary 'amphetamines'.

See opposite page for explanation.

l

28



Q ’ : . \

29.

of the initial metabolites. Maost freﬁuently this decomposition is a
: | .
! . ’

result of the extraction or separation procedure employed (62-64).

Primary aliphatic amines are metabolized initially to the ¢orresponding
* hydroxylamine (fig. 9). " This metabolite is unstable especially when
solutions are basified and shaken as is often the case during extraction

procedures. This treatment converts the hydroxylamine to an oxime

i . i ‘ .
if the carbon atom alpha to the hydroxylamino group possesses a
hydrogen atom (scheme 4). . Oximes are sufficiently stable in

§

RiR;CHNH, T35 iR, CHNHOH —32_. RR;C=NOH

Scheme 4

4

i
alkaline solution to. permit quantitative ana‘lys_is, In acidic solutions

they hydrolyze to the corresponding ketones (scheme 5; 62). If

RiR,C:NOH ——= RiR,C=NHOH —2"+ [ R R,CNHOH | — RiR,C:0
;- B OH R
. NH,0H
|

Scheme 5

the primary amine does not have a hydrogen atom on the alpha-carbon,

_ A |
e.g. phentermine (VII) or chloz_'phentermine (VIII)_, the initial N -

oxygenated metabolic¢ product, the hydroxylamine (65, 74,75), ‘is
further oxidized to a nitroso compound and eyentually to a nitro-

derivative when base is added '(scheme
o
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PhCH2C(CH3)7 NH» E‘Cl—-PhCHZ C(CH3)7NHy
viI Vil
/ .
(s .
R-?-NHZ rr?etabollsm
- CH3
. ]
R-C-
Scheme 6
When secondary aliphatic amines are us&d as substrates in v
the N-oxygenated product which rhaiy be isolated could be a secondary
hydroxy.laminé, a nitrone, an oxime, or a pri
(62,63',68). The secondary h&droxylamine is the\only true metab.oli-te.
The others are forrned durlng:’th'e extraction and isolation procedures
A rationalization for their fo.rmatwn may be seen in\fig. 10
Many. Primary and secondg'ry aliphatic-amines have\'been shown to
uﬁdgrgoir_i&g metabolic N-o'xidaytion to }:;droxylami'x"\es-(table 1.). v

Extracts of incubation mixtures where these substrates Aave_ been used

\
|
\
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can be shown to contain hydroxylamines ﬁsing a combination of
physical and chemical tech‘nique's 'i.nclud'ing thin layer '.chromatography
(t.1.c.), gas-liquid chroma'tograp')hy (g.1l.c.), mass spe.ctrometry‘
(m.s.), and n;ild chemical oxidation and reduction (64,69,70,76,77).
Figure 11 is a sumr;ﬂary of‘vthe various methods used to indicate the
presence of a secondary hydroxylamine metabolite"in an extract.
Similar methods'méy be used to identify p;rima‘ry hydroxylamines,
bu)t they form oximes rather th>an nitrones on r‘ni‘al'd oxidation,
2. In vivo metabolic N-oxidation

| Although hydroxylamines are readily for"méd in vitrofrom

\rnedicin'al p‘riméry and secondary aliphatic amine_s, concli;sive- - ,";ﬁ‘\)

evidence is lacking that N—oxidation is a general metabolic route in

»

vivo. Lindéke et al. (65) have pointed out t:hat in vivo, hydroxylammes

are reduced to the parent amine. In addition, they may be chemically.

or metabohcally converted to other products wh1ch escape detect1on

'

Reports have appeared which support in vivo N-hydroxylation of

.~ A

primary and sécondary alip;hatic amines {table -2).( Ca-ldwelle_t_a_lhl._(78)

ha\}e recently reported that as r;much‘as 22% of the dose of chlorphentermine
(VIII) is excreted‘as the N-hydroxy metabolite in maﬁ\ The apparent
dlfflculty in determining the 1mportance of N-oxidation in vivo stems

from two points: (1) substrates utilized in earlier studies possessed .

a hydrogen on the carbon alpha to the nitroge'n whereas chlor-

phentermine does not,. thus affor_aing greater stability to N- |
hydroxychlorphentermine, and .(Z) the significant‘species variation

i

-
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in the extent of N-oxidationy It is also important to note that para-
L. L S

hydroxylation is a significant in vivo metabolic route for the

"amphetamines' and this route is blocked in chlorphentermine by

the presence of the chiorine in the para position. -

C. Metabolic Deamination of Amphetamine - Proposed Mechanisms
Phenylacetone (1-phenyl-2-propanone; 1X) is an in vitro and

in vivo metabolite of amphetamine (80-84). Much speculation

has arisen on the mechanism of formation of this ketone. Brodie

et al. (85) proposed that d‘eamination of amphetamine proceeded

ia hydroxylati : pha- t1 f NH
via hydroxylation an thg alpha-carbon and subsequen | 088 O 3

(scheme 7). This proposal remained popular until Hucker et al. (86)

\

OH
PhCH; CHINHy - PhCH2CNHy "PhCH,C=0
CHa B ox

Scheme 7

\

reported the %solation of phenylacetone ox.me (X) from in vitro
o ¢ —_—

incubation mixtures containing amphetamine and rabbit liver

microsomes. Hucker proposed that the oxime was the usual

metabolic product of deamination of alpha-branched primary amines

which subsequently hydrolyzed to phenylacetone (scheme 8). They
did not dismiss the ﬁioss‘ibility' that a hydroxylamine'could be a
precursor to the oxime but offered no proof that supported a

hydroxylamine intermediate.

35
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e

PhCH29=NOH PhCH2§=0

H
X .C 3~ CHj3

PhCHCHNH,
CHy

Scheme ‘_8

To resolve this discrepancy, Parli et al. (87, 88) performed

‘s

experiments identical to those of Hucker et al. but utilizing ™ ~O

" in place of atmosphere. If the mechanism in scheme 8 was correct,

the oxygen incorporated into phenylacetone would corne from water
18 | S | |
and thus no . O would be present. If Brodie's theory (schemf: 7)
was correct, the ! O would appear in phenylacetone.
Their results showed that indeed Brodie's theory was correct
in that alpha-hydroxylation to the unstable carbinolamine (XI)
precceded deamination. However, more 16O appeared in phenylace-
tone than could be explained on the basis of simple exchange between
18 16 , | : - |
O.and "O. As a result, Parli and McMahon proposed a simple

hydrolytic route to ketone via the reversible formation of imine

(XII) from the initial hydroxylate” intermediate (scheme 9).

| ¢ Hoe
.PhCH2?=O _ PhCHZ-?-NHZ 0 PhCH2§=NH
CHy3 = - . CHy 2 . CHy

Xl

Scheme 9
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.
.

Studies by others (79) using (+)- and (-)-amphetamine appeared
N 0 . :
to confirm the alternative conclusion that it was N-hydroxyamphetamine
( ’ '

which was formed initially from amphetamine and in turn oxidized ’

to a mixture of syn-"and anti-oximes (scheme 10). Beckett (63)

considers oxirmes to be metabonates which he defines as metabolites ™

"

PhCH2CHNH2 ———— PhCH,CHNHOH ———— PhCH,C=NOH:
CH3 ' CH4 . , Hj
C X
Sche.me 10
i ™~

N

which have und;rgc‘)ne chemical or physical (not erizymatic) modi-
fication.” The controversy over the mechanism of.formation of the
oxime Hés not fet b'e.en resolved (70,>77, 89) but it is now acgep?ed
by some authorifieé (78) fhat the oxime (X) is the metabolic pre(_;‘grsor
of. the phenyla'c'etone ﬁetabolite of amphetamine and ifs simple N-
alkylated deri\'};ztiy.es. |

Oximes have been detecvted as ;i‘ra_\_/i\rﬁométabolic ‘productd of
amphetamines .w compounds (table 3’). ’Itfsee’ms reasonable -
to conclude that thev oximes in vivo are formed in an 'é”inaiogzoﬁs manner
to that see.nigw, i.e. via hydroxylamine formation. As a result:.
oxime formationi_nLiv_g could be construed to be circumstantial
-evidence in favor ofﬂlilg metabolic hydroxylamine formation. .
However, quaxntitation of:. the dximeigm and poss;‘iblyi_r_x'_m
may be complicated in view of the fact that th.e oxime itself is

: N e : s

further metabolized in vitro to a nitro compound (vide infra). T

< : 3
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TABLE 3, SOME PRIMARY AND SECONDARY ALIPHATIC AMINES
. o
WHICH DEMONSTRATE IN VITRO AND IN VIVO OXIME FORMATION,

)

‘ Speciﬁes
Substrate "In Vivo In Vitro Reference
j ; "
(+)-A mphetamine R R 86
(+)~Amphetamine
(-)-Amphetamine ' R, G.P. R, G.P., 62,64,79
. . ‘Rat
© (t)-Amphetamine a
p-M ethoxy.rvabmphetamine . . R, G.P. 70
“Fenfluramine Rat, G.P. 63,68
(+)-N-Methylamphetamine e
(-)-N-Methylamphetamine R, G. P. 62,63,97
(f);N-Methylamphetaﬁine
(+)-N-Ethylamphetamine
(-)-N-Ethylamphetamine R, G.P. 62,63
(t)—N-Ethylamphetamine :
Propylhexedrine ° Man R, G. P, 77

R = rabbit, G. - <. e<a pig

38



D. Identification of products of metabolic N-oxidation
Nitrones have been identified as in vitro metabolic products of
aliphatic sec’on'da_ry amines. The nitrone is the major in vitro

metabolite of fenfluramine (table 4). It is believed that the nitrone

i

! 2 a .
is derived chemically from the hydroxylamine and is not a true

-~ $

metabolite.

3 Nitrones are easily identified by t.1.c., g.l.c., and b\y their

) ! .
chemical behavior (fig. 11). Their ease of formation from

secondary hydroxylamines and their simple reduction back to seconddty
i P :

- hydroxylamines (scheme 11) makes preparationland identification.

relat{vely simple (68,90).

o Hgo s
R)R,CH-N-CHR; vl R1R2§H3=CH93

OH S =

Schem&%ﬁ_‘w

1. t.l.c. ~.

N-oxygenated metabolites of aliphatic aminesjan be separated

by t.tl. c. on silica gel G and identified by :/arioug detection methods
(tables 5 and 6). Plates which incorporate a substance that fluoresces,‘
uncier uv light (254 nm) can be used to locate c{ompounds‘ whichA quench
fluorescence. This method gives no indication of the chemiéal nature -

. N .
of the metabolite and in cases where two-dimensional chromatography

is employed, ''ghost' spots may result if the plate is exposed to uv

39
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TABLE 4. SOME EXAMPLES OF IN VITRO NITRONE FORMATION,

Substrate Nitrone Species " Ref.
=t L
Fenfluramine 1 guinea\:‘E‘ig. 68,109
‘ rat i :
N—pr?pylamphetamin; I ; - 98
(-)-Anabasine 11 guinea pig, . 74
rabbit, rat '
o
Phenmetrazine : v various 76,110
(+)-Methylamphetamine v guinea pig, ‘;lll
rat
T
i
F3C |
* ’ . .
CHaCHCH3N=CHCH, @cHZCHCH3I;:=CHCHZCH3
o 0 |
I | A
' |
Ph. . |
. . L o
+ =C}
N7“CHg  PhCH,CHCH3N=CH,
A\
6' lv' ' a 9 A\«: [N
‘r v N\
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TABLE 6.

EXAMPLES OF REAGENTS USED FOR DETECTION OF i

HYD’ROXY'LAMINES ON THIN-LAYER CHROMATOGRAPHY (t.l.c.)

},10- Phenanthrolme _

Reducing Substances

PLATES.
i .
R. .gent Compounds Detected Color Ref.
~ Picryl Chloride/A‘mmonia Hydroxylamine Orange 113

Csaky Reagent Hydroxylamine, Oxime Red 114
1 .

Modified Csaky Reagent Hydroxylamine, Oxime R¢d 113

Ammoniacol Silver Nitrate Red\icing Substances lack 112
(Tollen's Reagent)i

2,3,5- Tnphenyltetrazollum R educing Substances " Red 112
Chloride (TTC) : *

Ferric Chlor1de/Potass1um R educing Substances’ Blue 115
Ferricyanide b ' x

Ferric Chlor1de/4 7- Dlphenyl- Red 91

.1"‘ ’
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uém prior to the develépment of the plate in the secc;nd

direction.

. Hydroxyiamine metabolitevs can be visualized through the

use of spray reagents (table 6).-\These reagents‘generally.detecé
reducingagepts and are therefore non-specific. Ammoni'a"cal silver
nitrate, for example, is reduced to elemental silver by primary

and secondary hydroxylamines (scheme 1-2).‘ The result is a rapidly
developing black spot which can be scraped from the piaté aﬁd further
analyied (fig.wl‘l ). Oximes, amines and ni;rones do not give V‘imme-’
diate blavcl\k spots witH this feagent though si;ch spots may develo;;
‘ slowly with the| passage of time. Other reagents listedvin table 6

-can be used to identify me-tai)olites in addition fo hydroxylamineé.
RiR,CHNHOH + Ag0 ——~RR,C=NOH + Ag’

RiR,CHNCHR; + Ag0 ——~RR,CHN=CR; + Ag
, OH . . ‘ R i Q >
 WHERE Ag0 = AgNO3/NH,OH s

s Scheme 12

2. g.l.c./m.s.

- Secondary hYdroxylamines, oximes, and nitrones of amphetamines

. _ ‘ ) .
give rise to diagnostic mass spectra without prior derivatization (98).

4

‘Primary hydroxylamines have proven to be too unstable to allow \

g-l.c./m.s. investigation. They can, however, be analyzed by

direct insertion into the mass spectrometer.
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" A diagnostic ion in the mass spectra of primary hydroxylaminea
is that of m/e 60 whic\h arises as shown in scheme 13;_ It is absent
in the spectra of the parent aminé which instead contains aﬁ ion at ‘
1A
m/e 44. Accurate mass measurement of this m/e 60 fragmer;t has

‘confirmed its composition. The hydroxylamines, like the parent

amines, do not give abundant molecular ions. '
: 1

(N .
ArCHz""CH‘NHz “—*CH3CH-NH2 B
CH3 mle44
substrate- ' -\

- ArCHz—gf;?i‘r\’;HOH —= CH3CH=NHOH
- CHy  mle 60
metabolite |
< | ‘Scheme 13

N

G.l.c./m.s. examination of secondary hydroxylamines reveals _
- . 3\ ’ . . -

the presence of diagnostic ions which permit identification of the

metabolites. Secondary hydroxylamines give diagnostjc i
and (II) as shown in scheme 14. If the N-alkyl group is larger
th‘a'nrrhethyl, the ion of m/e 60 (cf. seheme 13) is ag ‘n formed

as a result of t?}e expulsioh of the N;alkyl group as shown in scheme 15,
" Ar CHZ-—(II/?—- N—CHyR ——= CHyCH=NCH,R —Z~ CH3C=NCHR
“Fs OH o o

Schéme 14 .
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HOHR L

AT "’ <7
~ ArCHy=CH-N-CH,CHyR CH3CH-N CH,
- Ch3 OH /C OH |
. | . i “-CHp=CHR
- CH3CH=NHOH
mle 60
Scheme 15

Pr1mary hydroxylamines can be characterized on g. 1l c. /m 5.
asg thg,;r tr1methylsxly1 (TMS) der1vat1ves Lindeke, et al. (64) .

stuched the g.Al. c./m. s. behavior of the TMS derivatives of the
N—hydx‘-oxy metabolites of amphetamine, phenethylamine, phentermine,

and chlorphentermine. Diagnostic ions (scheme 16) were observed

onee
—.-\_//

which corresponded to the N—hydrokjlated fragment ions in previous

)

~schemes (vide supra). - - ‘ A

v RR,C= NHOS:(CH3)3

Ar CHCRiR;NHOSi(CH3)3
| RR2C=N -0= s.(cw_{/

j i Scheme 16

-

Oximes, in contrast to-the hydrokylami_nes and the pa.rﬂent amines,
L +
give abundant molecular ions along with ions of (M-17)" and (M-33)

which arise as shown in scheme 17.
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» _-'"'OH [M_I.’]'
ArCH2C=NOH

: .
CH3 ( HZO-CH3 [M‘a:ﬂ
Schei_'rjne 17

»

Nitrones give molecular ions of low ‘abundance Pt prdduce three
/

abundant fragmént ions as shown in scheme 18.(6 8 98).

4

q

ArCHaCH—N=CHR | ~RCH=NOH ArCH=CHCHgT"
| Hy O ¢
3= CH3CH=NChR
ArCHy'
\ Sclieme 18

E. k‘.!l.‘i? metabolism of amphetamines

In vivo metab.olism of amphetamines andﬁ»elat(//'d Compounds has
been the subject orf a number <’>f paper$ (80, é}, 83, 99~ 04). The
a'mphetam‘ines‘ undergo several routes of biotran‘sfo”ﬁ"afion\i}lv\iy_g_
including |

(a) arorr;atic hydroxylation followed by conjuga ton;

(b) N-deaiicylation (compounds 2,3,4,6,7, 8; Table ) ;‘

(c) de;amination (may follow déalkylation) a’ndvf“bﬁequent further

oxidation to benzoic acid; and



TABLE 7. THE STRUCTURE AND SOME PHYSICOCHEMICAL
PROPERTIES OF THE AMPP{,ETAMINES . ’

No, Drug

Partition

» Ampheta;nine

2 Methylamphetamine
3 Ethylamp}ﬂletami_ne
._4 lé’ondir;il

5+ N.orephedrine’

6 ~ Ephedrine

7 F'énfluramine

8 Mephentermine

*relative to amphetamine

Data adapted from Williams, E__a_ (103)

/

RI. R, R3 R, PK_ - Cc. fficient*
“H H H H 9.9 1. 00

H Me H H 1011 2.31

H .Et H H 1023 5 56

H CHCl H H - -

OH H H H  9.55 -0 002

OH Me H H 9.6 0. 03]
"H  EY 58 :ZF 9.1  67.4

H Me Me H  10.25 2.54

47
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(d) aliphatic hydroxylation on the side chain especially the
benzylic carbon (except 6 and 7; Table 7). .
The amount of unchanged drug excreted varies from species to

species (Table 8) and little if any metabolites ap-pear in the feces.

¢ »
I

. o :
Aromatic hydroxylation is encountered more frequently than the other

metabolic routes, Thgs is especially true of the rat. Also, considerable

species variation is enc*mtered (Table 9).

In the rat, the extent of in vivo aromatic hydroxylation seems

to be correlated with the lipid solubility of the substrate and as

the éromati\c hydroxylation of many compounds occurs in the lipid .
. . . I .

3

~ontaining liver microsomes, this reaction would be expected to

\

i

~ccur in rat liver' microsomes in vitro. An early repoft (105)
indicated that amphetamine was not para-hydroxylated by rat liver

. >
microsomal preparations. However, more recent reports indicate
that indeed par'a—hydroxylation of amphetamine an‘cf phentermine " -

does occur in vitro in the presence of rat liver microsomes (1 06-

108), but only to a very small extent and is dependent upon substrate

concentration,
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3,

; | ,.
TABLE 8.' EXTENT TO WHICH SOME AMPHETAMINES ARE
EXCRETED UNCHANGED IN VARIOUS SPECIES. :

.

| T Specles? .
Drug’ Rat ‘ Rabbit Guinea Pig ' Dog Man
.Amphetami‘ne; 12 : 4 19 : A,30 34
Methampﬁetamine ‘1‘1(14) .\‘ 2(2) ‘1‘~3(4-16) 20(35) 23(26)
eqhylamph.etam‘_ine R | - -- -- 17&4) '
Pondinil L g . I a7
Norephedrine 48 - 8-y - -~ - 86
Ephedrine L 42(45)  0-5(2-5) 2(41) | "6;(64) “L(73)
Fenfluramine -- -- -~ -- 7(10) ‘
Mephentermine 1 0(13) 0(22) - -- ( 10(16) Co--

*valies in brackets are the sum of the N-alkylamine and the metabolically
produced primary ainine. Yields are given in per cent. '

Data adapted from Williams, et al. (103).

3
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.

TABLE 9. THE EXTENT OF AROMATIC HYDROXYLATION OF
VARIOUS AMPHETA MINES IN DIFFERENT SPECIES.

\- ‘ Species : _
Drug Rat .  Rabbit Guinea Pig Dog ° Ma:.
Amphetamine 60 6 0 6 2
Meéhamphet‘;mine )53 e J 0 30 s 18
Norephedrine - 28 3 -- -- 0-1

 Ephedrine - 14 1 N 1 S
. Pondinil . - 58 6 ’ 15 22 ¥

. Meph‘épte;mine 32 5 -- 28 ~-

y g . B ..' ] o )

: P PSR S
Fenfluramine |, g S ' -~ . , 0 0

IR a& v ;(' STy LN " . 1
[ :
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v

A perusal of the literature will show that current research has
established that many aliphatic amines are metabolized in vitro

to hydroxylamines. These metabolites are extremely reactive and

can be metabolically, chemically or physically converted to other -

- . 3

N-bxygena,ted/ products including\ oximes, nitrones, nitroso and nitro
vy ] . B A
{ » .

. . =
pour®s. In most instances, C qxxygenafed x;netabolltes areaqlso

. >
Ate w T s e
med concomxtantly It 18 ‘also appé«rent that, whereas microsomal

& o

prepamtlonq oi\gumea plg and ra.bblt hver possess ignif/icant N-

1

4” Lol :
~ : o Cae o .
oxldahve properhes. sqular preparatlons of rat lwe hagve been
. o » T
reported to be. much less actlve
An examination of{?*the‘}'évailable literature also shows thaf much
: ey

LI

» ' o !

-

< > . :
effort has been directed towards studies of the in vitro N-oxidation
X . ) § _——

‘of tertiery aliphatic amines which form N-oxides, and amphetamine

and other related primary aliphatic amines which form primary

hydroxylamines., However, consideran' ess has been reported on
iy i

in vitro N-oxidation of secondary aliphatic amines. : e

—_—— -

In comparison to rabbit and guinea pig liver:preparations, rat
liver homegenate has generally been regarded as a podkmodel for
, e

-

Y N ‘

studies of in vitro metabolic N-oxid’ation. However, there are no

reports in the literature to indicate thé};tﬂattempts have been made
l /

to optimize the in vitro assay conditions for metabolic N-oxidation

in rat liver preparations. In view of this, it was considered desirable

to determine whether in vitro conditions might be found that would
: vitro 5 .

i

¢

sxgmﬁcarntly(lmprove metaboLlc Mx1d?tion in rat liver homogenates.

»



o

1

A detailed study of the metabolism of aliphatic secondary amines

Lo . \ o, .
using rat liver preparations was undertaken for the following reasons:

(a) to see if rat liver homogenated were gen;e'rally low in N-oxidation

activity; (b) to c‘i'etérmine‘ quantitatively‘the extent of metabolic N-

&

oxidation; (c) to see whether rat liver could b .ced to N-oxidize the
LY . .

v
1
1

| ‘
chosen substrate; (d) to determine whether the presence of nicotinamide

s/ ) L
in the incubation mixture had an éctivating or inhibitigg effect on
\

metabolic Nv-oxidation of'secondary 'amines‘; (e) to determine the

extent of further metabolism of the primary metabolites and théir

decomposition products.

A préliminary nbiective of theiﬁtudy.wafs to select an gppropriate

. : %
second. ry amine substrate for the in vitro investigations. Considered

A ° g

N-propylamphetamine, and fenfluramine. N-propylamphetamine

oy «

was eventually chosen hecause of its ready availability, i. e: it:‘gas v

easily prepared and it was not.,a' controlled substance, and because

of the relative stab‘ility of its N-oxidized metabolites. . , Q&;
‘ ) _ - .
The in vivo metabolism. of amphetamine and some of its cogeners

has been studied in detail. The in vivo C-oxidative pathways are

' genex:ally well known but the significance of in vivo N-oxidation'is

E

controversial. To further elucidate the importance bf the metabolic

N-oxidative route in rhts, it seemed appropriate to determine Whethgr

AW

53

¥ among the compounds were N-methylamphetamine, N-ethylamphetamine,



' -

N-oxidation of amphetamines did occur in vivo, and, if so, to attempt

| ‘

to compare quantitatively the amounts of N- and C-oxidation.

54
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A. Chemicals and Reagents

. ' i |
Materials obtained from commercial sources were: glucose-

6-phosphate (G-6-P), nicotinamide adenine dinucleotide phosphate
e . .
(NADP ), reduced nicotinamide adenine dinucleotide phosphate

(NADPl—{), nicotinamide, flavine adenine dinucleotide (FAD), 3-

methylcholanthrene (3-MC), and B-glueuronidase type H-1 (Helix

pomatia) with"sulfatase activity (Sigma Chemical Co., St. Louis,l
“ ‘ «_
Mo., USA); phenylacetone (l-phenyl-z‘-propanone) ' Diazald®,

1
and trifluoroacetic acid (Aldrich Chemlcal Co.); SKF 525-A,

(t)-ampnetamine, sulfate, (f)-—N—hydroxyamphetamine sil"’ccinate,
- \\ i . ' " .

and__g—:hvydroxyamph'etam:ine hydrobromide (gifts from Smith, Kline
and French Laboratories, Montreal); crystalline bovine serunl albumin,

fract1on V (Mann Research Laboratones, New York) TRIS (base)

Ultra Pure (Schwarz/Mann Orangeburg, N, J ), andPhe‘&Reagent

af

P :
2N Solution (Fisher Scxentxhc, Fau‘ Lawn, N J.). Other solvents and

chemicals were of reagent grade and uqed_ witbout further purification -
. < ' . 'Y
except for diethyl ether which was distilled fresh daily. Substrates.

employed which required custom synthesis are described below:.

Custom synthesis was provided byDr CW Kazakoff and Dr. R. Dawe.

B. Animals
Male Wistar rats welghmg 200 250 g were obtalned from Woodlyn

Fa\rms (Guelph, Ontarlo) and malntamed in wire suspension cages and
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allowed food and water ad. _1_1_11 Rats employed in in vivo studies were
maintained individually in metabolis‘r'n" cages (Model E1000,

Maryla’nd Plastics) with food and water ad lib. Uremlc rats used

in the in vivo study were kindly supplied by Dr. U. K, Te\j

C. Gas-liqnid ( romatography (g.1.¢c.)

G.l.c. columns and usual operating conditions are shown in .
: N :

table 10. A Perkin-Elmer model 990 or Hewlett-Packard model
5700A gas chromatograph each with dual flame ionization detectors

was used. Retention times (Tr') and peak areas were determined
, ‘ \

»-

i .
with either an Infotronics model CRS.—208 or Hewlett-Packard model

' 3380A electronic peak 1ntegrator p- Chloropropmphgnone (PCP)

s
A

was used as internal standard for in vitro std’ﬁfea and benzylamphetamme

(BzA) as internal standard for in vivo studies.

>

. D Gas- 11qu1d Chrpmatography Mass Spectrometry(g 1. c. /m s. )

Mass spectra of authent1c reference compounds and samples
were obtained by combined g. 1. c. /m.'s. using columns as described
in the text and table 10 in a Hewllett-Packard model 5710A gas

chromatograph coupled to a Hewlett-Packard model 5981'A mass
e 3 ‘

spectrometer at ah}@ngkmtential of 70 eV,

E. Thih-layer Chromatography (t. 1. c.)

Ch{'omatograms of extracts from __1_r3 vitra experiments were run
- s . - . | o
~on glass plates (20 X 20 em) spread to a thickness of 0.5 mm with
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a slurry of silica gel G-PF254 (Brinkman) and activated at 100°C
fpr 1 h. The solvent s‘ys't'em used was chiorof‘or_m-acetonve (9:2).

Spots were detécted by short-wave uv light (254 nm), iodine vapor, or

ammoniacal silver nitrate spray (Tollen's reagent).

F. Nuclear Magnetic Resonance (n.m.r.) and Infrared (i.r.)

pal

Spectrometry

I N.m.r. spectra were recorded using a Varian A-60D spectrometer

with deuterochloroform as solvent and tetramethylsilane (TMS) as

the internal standard. I.r. spectra were recorded on a Qh'{cam

SP1000 spec‘tr'ophot\omete‘;. , \ , 4

G. Substrates and R‘eference Compdunds

"Most of the compounds listed below were prepared in cooperation

.with, Olf‘by, Dr. C. W. Kazakoff. Data is included mainly for reference

1. Nrb—prOPylamphetamine and related cOmpounds

purposes,

(+)- and( )-NPA (XIV) Were prepared from (+)- and (-)-

e

2 "Qhe,tamme by the method described by Leona.rd v(l‘16
except that propionic anhydride was substituted for acetic anhydrxde
(t)- NPA was obtamed from 1- phenyl 2-propanone and n-propylamine

according to Temmler (117), using ethanol as solven_t. The free

bases were converted to hydrochloride salts and recrystallized from
»”~ L ) - ~
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" R CHa CHNS 2
CHy
Compound Rl sz R'3 / | R4’
- XIV _ H H n-Pr ‘H
XV H- ) H n-Pr OH
XV1 H - H ~CHCH,CH, 0"
XV ' H H CH ,CHOHCH H
XVIII . H H JEt ® y
XIX H H - /n-Bu H
XXI ¢ MeO " H /' n-Pr H
XX HO H / a-Pr R
XXIV PhCH,O - MeOo /) n-Pr H
XXV HO MaO a-Pr H
XXy1 ‘MeO | | . H / Me H
XXVII HO H' ~; . Me H
- XXVII HO MeO . Me H
x¥x MeO . H Et H
XXX HO 7 H Et H
XXXI & . HO . MeO Et H
XXX I\RC/\ . H n-Bu H
XXXII HO ~ H A-Bu H
XXXIV "HO MeO n-Bu H
| B .
S 3



ethanol-ether. The hydrochlorides were colorless solids' Each
gave 1. r‘. , m.m.r. and m.s. conpistent with their structure,
(¥*)-NPA hydrochloride had m. p. 155, 5-157°. Anal. Calcd.

for CIZHZOCIN: F. 67.4'3: H, 9.43; N, 6.55. Found: 'C, 67. 38;

H, 9.59; N, 6. 35,

(+)-NPA hydrochloride, [a]és - +19. 0° (C=2, H,0), had ?/

1220
-55. Found: C, 67.29; H, 9.55; N, 6.63. Y,

(-#-NPA hydrochloride, [a]és

m.p. 178-180°. Anal. Caled. for C"_H. CIN: C, 67.43; H,

= -16.5° (C=2, H,0) had

m. p: i76.5—178.50.?}na1. Calcd. for C. H

12 20ClN: C, 6\7.43; H‘,

. . &
9.43; N, 6.55. Found: C, 67.48; H, 9.31}; N, 6.41.

Each’of the three free bases g’epar'ately chromatographed as a

single peak (Tr = 2.2, 1550) on ctolumn D.
. - /

S ynt_hé ses of N -hydroxy-1-phenyl-2-(n- f)ropylamino) propane

(XV), N-[(1 —methyll—z—p_hendyl)ethyl ]-1 —propan{mine N-oxide (XVI)

and 1-phenyl-2-propanone oxi_mf: (X) have been described previously

(90,98,109).
(t):N-(2-H;rdroxypropy'l)a.mph’etamine (XVII) was prépared
using the method described for (;)—NPA except that 1 -amino-

2-propanol was used instead of n-propylamine. It was converted -
to a hydrochloride and recrystallized from ethanol-ether. XVII o~

hydrochloride was a colorless solid, m. p. 135-136°. The free

o



base chromatographed as a single peak (T‘r =13, 0, 1550)'on
¢ column D. It gavei.r., n.m.r., m.s. consgistent 'with its

) Btructure,

Anal. Calcd. for C12H20C1NO: C, 62.73; H, 8.77; N, 6.10.

0

Found: C, 62.74; H, 9.14; N, 6.'0A8.

i

(f)-N~Ethy1amphetamine (NEA; XVIII) and (t)-N-(E-butyl)- .
" i : :
amphetamine (NBA; XIX) were prepared from 1 -phenyl-2-propanone

apﬂi\ethylamine or n-butylamine, respectively, in a manner
\ . N

i

-

sifnilar to that used to pr;apare (fﬁ)-»‘NPA. Both were converted .
to their respecfive hydrochlorides and recrystallized from
etha.mol—ether‘ (t)-NEA hyd‘x'ochloride—\;/as a colorless solid, m.p
143;1450, iit. 145-146° (116).. The freg basé chromatographed
‘-‘.;gas a single peak (Tr = 2, 6, 155°) oﬁicolumh D. (JE)—’NBA h‘;rdro—
chloride was a colorless solid, m.p. 167-169°, lit. 168—1690

(118) The free basé cHromatographed as a single peak (Tr = .
3.2, 1550) on column D.. Both (t)—NEA and (".:)—NBA gave i. r.,
nm.r., m s., and C, H, and N analysis consis;ent with their "
structur‘es‘,>; | )
2. z-Nitro--t-PgényQprééane (XX)

A solutiorll'of ben.'.'zaldehydve (15.5 mlF, ammonium acetate

.

(10 g), and nitroethane (16.5 ml) in acetic acid (125 ml) was

62
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-

heated on a Steya&h for 3h, cooled, then partifioned between
. . ] . . ° -
benzene and waté® The organic layer was washed with portions

of 2% aqueous sodium hydroxide then water, dried (Mg50,) and

evaporated to give a yellow solid which was identified by n. m. r.

as 2-nitro-1-phenylpropene (XXI), m. p. 57-580, it. 64° (119).

A portion of XXI was dissolved in dioxafrfme and slowly added
dropw&se to a st_ir_red solution'ofpsodium borohyd;ide (304 rr;g)
in dioxane-water (35 "mi, 6:1) at room tempe'rature. T:he s'olutipn
was acidified to PH 3.0 with dilute hydrochloric acid and extracted
with ether. {I‘he ether s 1gtion was washed with brine, dried

(MgSO4) and evapérated toa yellowv;)il, which was shown by

g-l.c. (1550. column D) and g.1.c./m. s. to consist mainly of

v
S
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' 2-mitro-1 -phenylpropane (XX) and a small quantity of 1-phenyl-2-

-Found% 65. 34H 691 N, 8.48.

-, 1809,

~

N LN .
v N o )
8

!

propanone, Colum'r\l chromatography (silica gel G) of this o0j] with

benzenc as eluent produced a yellow oil thCh was shown by

3

g.l.c. | 6 4 155 ) on a column D.to be pure XX, N.m. r.

i.r., and m. s, analysis was consistent with the proposed structure.

\

Anal. Calcd. for C9H INOB’ C, 65 45; H 6.67; N, 8. 48
: ) 7 A

3. (4 Methoxyphenyl) 2- (n—pro}py‘lamino)propane (XXI1I) ;

) : | . By

Hydrochlorlde -

A squensmn of platlnum d1ox1de (0 10 g) in dry ethanol

\\

(25 ml) was hydrogenated for 0.5 h at 30 p51 in a\Parr hydrogenator.

. A solution of 1- (_p methoxyphenyl) 2- propanone (120) (3 é) and h-

propylamlne (0.8 g) in dry ethanol (25 ml) -was added and hydrogenation

at 30 psi was continued for 24 h. The mixture was filtered and the

w

filtrate evaporated in vacuo to an 'oil which was dissolved in ether

~ .
- .

and%tr:'eated with a solution of hyd’rog/cn chloride in ether. The white
2 . .

-solid which formed was cry‘stallized from ethanoleether and gave the

. } 0 - \
title compound (2..13 g, m.p. 154-155 . I.r., n.m.r. , and m. s,

were cé(nsistent with this compound. The free base gave a single

peak on'both g.1.c. colurnns A (Tr = 2.4, 140% and B'(Tr 2 8, 2,

-

64
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Anal. Cal‘:@ for C13H22C1NO C 64. OS H, 9. 10 N, 5.75. X
‘,b

Found: €, 64.22, H, 9.05; N, 5. 64.

4, 1 :( 4-Hydroxyphenyl) -"2-(_r_1-propy‘lamin.c.)) propane ( XXIII)

Hydrochloride ’ o . -
: T'h'e~free baseg ‘was libex\:atedtfrom,XXII hydrochlor@w
qn:i d_isjgolve_d in benzene (10 ml)'to" Wh‘ich {alunﬁnum Bromi(;e (0.65 g) ; -
wasg'addesl;w 'A{t't::r heating under reﬂ'ux for 2 5h, this.‘ solution was i’:):v :

. ’ N t Q '
poured into an aqueous pH 8.5 buffer (50 ml) and extracted with

D ) 5 ' .
~ether (3 x 50 ml). Basic material was precipitated from the ether
" p ‘ TN .

' extract by t-he addition of an ethereal solution of h’ydrogen chloride

and crystalhzed from ethanol ether to give the title compound

N

w o ' 'y g
(0.107 g), m.p. 164 165 ,asawhxte solid. Its¥m.s., i. r-, and ‘
n.m.r. qu%ctr'a were consistent with the p_roposed struc:ture: ,,Thek o

. - L . .. - ' . « \‘4'
!free basL% gave a ‘singleée,,ak ong,l c. column A (Tr = l'. 9 160.) /!
“Anal. Caclcd fox CJZHZOCINO C, 62 73; H,™8. 77 N 6 lO v

e .« Q\\Q o N . ,J.:' v

¥ Found: C. 62.69; H, 8.92; N, 5. 88. R\’"«VR\ te o ’ .
. \«;)\ - o ‘

5. 1- (4 Benzyloxy 3- methoxyphenyl) 2@ propylammo)propane
. . . Y '
(XXIV)&Oxalate S S . ¥

The title compound as the free base was prepared from
‘l -(4- benzyloxy~3 methoxyphenyl) -2- -propanone (121) (0. 45 g), n-
‘propylamine-(l- ml),- platinum oxide (0.1 g) in absolute ethanol {50 ml),
RN o , ) -

in the same manner described for XXII free base. A solution of
- - - o

\v

anhydrous oxalic acid in ether was added to an étheér solution of

L3

y C e
1- -
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XXJV ba<.n The resultant oxallate was crystallized from methanol-
43

i # eth{er,as a colorless mo‘nohydr:t\e”.( 0037 g), m.p. 145-146°. I.r. ,

n.m.r., and m.s. were in agreementépé'it"h this structure. The fr'ee‘
‘ At
‘ - basé gave a smgle hak oh g-l.c. acolumn A(Tr = 4.6, '1800).
) . Von .
~ Anal, Calcd‘ (or (GZQHZ’?N

.795N 381i~sound C 68. 69}{ 7.89; N, 405

<

chm H“!o C, 68. 65 H,

.6“. 1-(4- Hydroxy 3- methoxyphenyl) 2 (n- propylaminO)propane -
)

. *,"“ . . Sy .,
(XXV) \ Q | ' PR .

L7 The free base was lxberatederom XXIV ok‘alate (O&g) ¢nd

A

e
ut P

dissolved in ethanol*(30® ml) contaimng 10% palladmm on- char’%?l 2 ".“""' g
§ ¥ 2 W
(0 1 g). The mixtureé was hydrogenated at 30 p51 fof 24 h, f1ltereé :; 2'59“,
) , o » :‘? ‘
then evaporabed to give an o0i] (0. 11 g) which could not% converted ‘
i n"‘v . Y

5 > "o ' ve d

\K’, -to a splid’ eﬁvatwe"{hydrochlonde, oxalate.,maleate) The oil-

: 8
i .agave i.r., n 1o -and m. s, consxstent with the proposed strhcture
It gave a sing!e peak on both g l.“‘c golumns A (Tx‘ = :Q 0)and . ..
o T ke : RN . L
“CA(Tr =13, 3 lS?&J,@Ié wés used aqs am 011 in the qua
analysis expennwt . . _ - ' © 3 Co \y)

T - (4 Methoxyphenyl) 2= (methylammo)propane (XXVI)
o - 13

N

Hydrochlorlde ) - !

\ ’ ~ --
Thxs compound was prepared in & manner analogous to XXII

except that methylamine wéé used ipsteédof B-Lprppylafn\ine. The- " '

hydrochloride was recrystallized from ethanol-ether and gave the,
title compouﬁd, m. p. 174-175°% L. r. » n.m.r., and m.s. were ,

~



B

- not successful. G.l.c./m.s. confirmed.the stricture of XXVIII ’

L

»
'

hY

v

. 67

consistent with the proposed atrueture The free base gave a single

»

“

peak ong.l.c. (Tr =37, 155° )\cbl};mn C.
ll.. -

Anal. Calcd forC HIBCINO C 61 25; H, 8,40; N, 6/'49

Found C, 61 28; H, 8.37, N, 6 61
i | . ‘
8. 1—(4-Hydroxyphenyl)—Zj(methy"‘latpino)pr‘dpane (XXVI

Hydrochloride g . 3 [

I)

The free base was llberqted from )&Vlvand treated m a

manner analogous to the preparatxb;’_\ oﬁXXIII | Thé ?:s‘xl;ant

-

h?drochlorxde was recrystallu;ed from ethanol ethex’«
\ i, >

L : o
the title comp_oun_d, m.*p. 134-1 35 . 3& r..n.m.r. SaaIo s yere

?

\
1

- consmtent thh the' proposed structure I The free base gave a smgle&«.

|

" to obtaid a cr%allme solid'-QIydrochloride, gxalate, maleate)~we‘re\«

- which was ‘tHe' r‘r?ajor component ong. l.e. (Tr'= 6. 8, 1'55°)

ycolumn C. Elemental ar‘lalyslis. was not attempted,

/

A

: *“; ! @ o
peakonglc (Tr'"4 By lg'S )’column C. W o )
“% 3 4.*‘ %,
An41 Galed. forC CINO_:‘ C. 59.55; H, 7. 99; N, 6. 94
A 10 16 .
. : ‘:&‘a ) . . &™
Found: C, 59. 73 H, ‘&62 N, é 83 - : :
, . F.on . ‘
9 l—‘(4-H\ydroxy-3,—methoxyphenyl)-~%—(methy}émino)pyoparﬂe o
o . ‘ . .« oy o
XXV - | e
~ This compound was pr&red in &manner analogous~to XXV -+
- [} 3 Y - L . ) L
. except that methylamm& was us‘ed instead of n propylamme Attempts

>

r



single peak on g/l.c. (Tr = 4.6, 1550) column C,

4
-

o 1 \ . . :

Ll G . \ o X

to. “(4-Methoxyphenyl)-2-(ethylamino) propaine (XXIX) -
v . 3 s N

Y H)%drOChloride .

his compound was prepared in a manner analogous to XXII

.

dxcept that ethylamine wa used insteg‘d 9f n—.prop' 4

Hydrochloride was recr . <’ .llized from ethanol cthe arg gave

the title com‘bouﬁd. m. . 154"-1'56 qgjl. r.,n.m.r., and m. s, /

i
Al

. were consistent with the E‘i‘-opoaed structure., The free base yave 5;//

w 1

o i ' 9

i Anal. Caled.. for("lZHZOCINO C 62. 74; H 8.7T: N 6. 1;1
-7

Found: C, 62. 79: H, 8. 65; N, 5. 84, U S

- e 5 )

1. 1-(4- Hydroxyphenyr) 2- (ethylammo)propane (}\‘bﬂ &

\ . ¥ kS '
Hydrochlonde L - ' : : B

ﬂe free base was hber_pted from ‘(\I\ and treated in a

9

1 4

. ma‘}ner analogOus°to the prepar;hon of XXIII, The resultant hydro-~

{ -
chlorrde was rec@ra\llmed from e‘ihano! ether and gave the title .

3 B P :

compound, n‘m.p. 1'39;1160 . Lr n.m.r/, and n\s. were consistent
- o | y . .

with thé proppsed strugture. The free base gave a single peak on

N -
- . P 4

Jg.l.c. (T'r - 5.6.‘1530)‘c01umn C1 | ' o , L€
Aval. Caled. for G H émo C. 61.25H, 8.40: N, 6.49. °

' ow g . . N

,Found c. 61T21;-H,' 8, 24; N, 6. 36. : - o ;g

I
-

12. L 1-(4- Hydroxy 3- methoxyphenyl) 2- (ethylammo)ptopane ()x\\l)

N
This compound was prepared in a manner analogous to XXV

.\_\

/
;3 ’ /.
‘

\.. 4

. : ' ‘ ..
- except that ethylamxpe was used i_nstead of _r_x-propylnmine‘ Attgmpta to

_\



i}

")

‘ smgle peak 3

R \ ,;4:,‘&
v
»

obtain a ¢rystalline ‘so’lid_(hydrochloride. oxalate, maleate) were not

successful. G.l.c./m.s. confirmed the structure of XXXI which . -

lSéo) column C,

[N

was the major component on g.1.¢c. (Tr = 8. 3,

Elemental analysis was not attempted,
. ' \. "

1 3 : yl)-2 {(n-butylamino)propane (XXXII)

Hydrochl\ofxde

. . .
This compound 'wb‘s preparLd in a manner analogous 00
{

)\XII except that n- butyl‘ﬁfme was used mstead of n-propylamine,

Thé\I hydroc#onde was recrystallned from ethapol “ether and gave

- i
|

the title c\ompound. m. p. 176-!77 . Lr., n.m, T and m. s,
3 N ‘ ‘
were consistent with the proposed structure, The free base gave a
or - -

i ey . '

.g’ (Tr— 10.1, 155 )columlacw
. :".;'Q". * Q ‘
Anal. Calcd. farc, 1y co:c. 658 g, N, 5 43

)&5

~
b ]

~Found: C, 85 41; H. 9.~Z4;7N. 5;8 ' v

14, 1-(4—Hy6;0xypher'lyl)-2-(_q—butylamino)propaﬁe (XXXI1I)
Hydrochloride! @

o . - ’ £y | L
._‘The free base }vas.‘libgg ed from XXXII and tx“>¢ated in a*®

manner,analogous,%gﬁthe preparation of'X\X'III The resultant Kydro-

- / ey .
chloride was recrystallned from ethanol ether and gqye the txt.le»‘
| ) . . X, L,
L / . 4

compound, m‘ P. 158 159 wil. ro,n.m.r., and m. s were consistent
N \ ‘~ | ‘ o

S o/ : o .
- with the roposed structure The free base gave a.singd peak on
. p .
14 8, 155 ) column . C‘ i .
N -‘;yg_“f |1fu ‘~“ . . ! TN },C;}‘ I ae

o “.»

69
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=~

\. | i

Anal.Calcd. forC CINO C, 64, 06 H, 9 09; N 5,75.

13 22
Found: C, 64.24;”H. 9.18/,*/N, 5.91.
2y TN
/ i |

15. 1-(4-Hydroxy-3~methoxyphenyl) -2-(n-butylamino)propauge
, A LN ' Lo
> . TS . . 0

(XXXI1V)

8.
//

. : co4 -
This cor.l'lpo/und was prepared in a l’inner:analogous to XXV

e'xcej)t tha.t_é—ﬂbfutylémine was used instead of n-propylamine.

~“Attempts to obtain a crystalline solid (_hyd.rochlox.'ide. oxalate,

.:)

70

|

SN

maleateﬁwgre not aucceasful.ﬂ G. 1. c./m.s. confirmed the, structure

~

of XXXIV which was the major component on g. l < (Tr :«20 6
&

155 ) column C Elemem}al agalyks ‘was nqb attempted *

s

4

¢

4+ -

/

.
/)
/‘1

/

L Preparatxon of Liver M1crosomal Fractlon Yor In Vitro Studxes

3 . ) . -y
/
Ammals were f7/ted overnight and sacr1f1ced gy cervical dlslo

\:

L1vers we’re renp/ved and 1mmed1ate1y placed

/7 /

prepax‘ed/in a PQ)‘tt

/

“The mj crmaémal 8

/
/ ¢ /

hvex homoge g at l/

000 /éfdr’
Q? Sy

/ .
catlon
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Uetwmfmﬁou of Cytochrome P-450 and ch‘?’%‘)sonﬂal Protein

- \“A
.

" For these determmatmns. 3.5 ml‘lnd 1 ml respectively of the

U 12 000 x g supernatant were transferM to separate 10 ml ultra-

W\
(e |
\ﬁ\‘:jntrifu%e tubes and brought to volume with 1. 15% KCl. After centri-
gation at'lOS,‘OOO X g fbr 1 h (O—SOC) , the. supernatant was““iﬂ— ,'
.~ . ~ - ’ .

carded and the remaining pellet resusp-ended either in distilled
\ .

A}

\ water for estimation of protein, or |in 50 mM phosphate buffer pH

) -3

7.4 contaming 10" uM EDTA for cytochrqme 450 dertermination.
- "“ .

Mlcrosomﬁ protem for standardization of énzymatic activity as

72

i % I A Ny ’ 2 1

defined by Fouts (11) and Mazel (136), ‘was determined cglorimetrically

) .
'\ accordlng to Lowry et al, (122) as modified by Miller (123) The

o
]
method of Omura and Sato (124) Was us # “Jc’\:*toc‘hrome.P-f%SO.

Al uv measurements were carried out or;‘ 2 '-UniFam model ‘SP‘I 800.

g | spectrophotometet“\;ith strip chart recorder. -
K Standard In Vlt!‘O Incubatlon Method
— X
One ml of the 12 000 x < 8 supernatant was added to 25 ml Erlenmyer
- 3 | . ; i .
flasks contammg G-6-P (ZO umol), NADP (4. 4" urrxolneg;‘_ﬁ

(20 Umol). substrate ('10 u mol) and suff1c1ent 0 Y M phoq\‘phate or

Y
?"4

TRIS- HCl buffer, pH . 4, twake 6 ml. Sarﬁples were incubated

for 60 min at 37 °C ina D\}bnoff shakmg 1ncubator (120 osc111atlons
\

' rnin_ ) under at_mosphere._ };.wt\be end of the incubation period. ‘the

& Lo = ; .

flasks were immer sed in ice, “i,nter»naﬂl"stan‘da'r'd' was added and the
contents of each flask were extracted three tlmes w1th freshly

’dxstﬂled ether. ‘The ether extracts were corerined. a few dropg of -
. > ' ) il ’ NI ! - ' .

~. ]

¥
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Ry ‘ o
iso-butanol added, and the extracts were concentrated on a 45 C
—_ t | : | _
- water bath to a final value of 50 ul. Three pl of this concentrated
extract was injected into the gas chromatograph. o
‘oa

'

L. Treatment of Urine From In Vivo Studies

®

Urine samples from each group of treated animal's a) d controls
- . \
were divided into three sets. One set was adJusted topH 9.5 _ /
\ o

with solid sodmm carbonate and extracted elther three times with

equal volumes of ether- methylene chloride (14:11) or for 24M

with ether a10ne in a continuous liquid-liquid extractor. A second

5 y . ' . ' N R
set was buﬁ;@red_to'pl-l 7'with phosphate buffer a"’d hydrolyzed for
'24 R a 37 °c usmg 8 glucuromdase typ} H-1 (30 000 units ml~ >
4 “ A
utine) then extracted as above after buffermg to pH 9.5 with sodium.

0,
d

carbonat@ The third set was acidified to pH <1 with an equal volume

of 6 N. HC’l and placed in a b0111ng water bath for 1 h. Aft—er' the acid

&

hydrolysis was complete a volume of 6N NaOH, equal to the volume

W
.

. ‘) ) L
of acid,_ was added. the pH was adJusted to 9 5 thh aolld Bodlum g

R - %
carbonate and the resulting solutién was extracted ‘as descrlbed

above Ir.l all cases internal standard was_add‘ed prior to extraction,

o -
"M. Quantitative analysis B . . . ’
S v ' .
1. In vitro metabolism studies,(/ ! 4 . 4
- . / L. ) . 1 ” -, —

Known but'var'ying quantities (0.1-10-4mol) of each substrate o

and each suspected metanolite were added to separate portions OfQ P

5



aged mlcrosomal suspenslona contax{nng Z“ﬁrﬁol PCP as mter%

[} \“

) w‘ '_' -
standard and vei#c' : th! mixtures obtamed was extraqted thrﬁh‘\es
‘2 . "' k
‘ ~"';k_with_eq\ial voluma of freshly distilled ether at e1ther pI-I 7. 4 or 12.

A few drops of igo-butanol were added to the combined extracts which' '

were then individually concentrated to 50 ul on a water bath. These ..
. [ :

extracts were gas c‘hromatog‘raphed on column D (1550) for quanti-

‘ tation o‘f the N-_oxmenated metabolites and on column E (1550) for .
. ) N . v k4 ) ‘

{
!

the deaminated and N-dealkylated metabolites. SCalibration curves .

-
'

' ’ ‘ T v
were constructed of the ratio of peak areas of the compound to

=

internal standard versus the amount of combound\added. These cali-

»
’

bration curves were linear over the concentration ranges encountered
. | \ .
& inthe metab®lism studies.
2. In vivoistudies *
N ‘,‘ .

Known but varying quantities (1-16 mg}) of substrates and: T
metabolité_s were added to portions of urine contdining 4 mg BZA
.as internal standard*and extracted at pH 9.5 either three times with

‘equal volumes of an ether: methyiene chloride (,14:11) mixtare or
" - 4 _ v IQ ) O&
« fot 24 h with ether alone in a continuous liquid- 11qu1d extractor.
e : . ’ . .
The extractg werg evaporated to dryness in a rotary evaporator and

7 . : I : .
. . redissolved in absolute ethanol (200 pl) prior to g.1l.c. analysis.

» - . ) 1 -
Calibration curveslwsre'const'rué‘féd a%esgribed in procedure M. 1

/

L. . . : . *‘.5 i ' .
above except that g. 1" c. was performed on cglumn C (1550) . The
: ) _

.

. : L
scurves wére found to be linear throughout the/ concentration ranges

¢ encountered in 'th.e.in vi¥o experiments ot - : . ’
. b ——--—-}i_ p ) * . . ’

v

\ - _ ) : o ' : 3
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A. In Vitro Metabolism of (£)-NPA In Rat Liver Homogenates

N | 1\ Observed I\:Ietabolites‘

Metat‘mlism of (})-NPA at pH 7.4 usiné thve 12,000 x g super-
natant of homc;genized rat iiver‘ fortified with G-6-P, N'ADP+, and
MgCl but not nicotinamide, resulted in the forgnat).on of various

> .

p ducts table 12) including two N-—o_xygenated compounds identified

ﬁN-hydroxy-i —'phenyl-Z—(n:propylamino)p;"opane, i,e. N-OH-

A (XV), and N- [(1- methyl 2- phenyl ethyl] -1- propammgme N-

;dee (XVI), i.e. NPA nitrone, by a comparxson of their g. 1.c.,

.

‘ﬁrg.-l.c./m. s. (fig. 12,‘13), and t. 1. c. prOpertlesMof apthent’ic L
- A
- ""samples of XV and XVI, Other components in the in vitro incubaﬁpn
[ . . ‘ ° .‘ ) . :‘.: (. a“;’\ + .\“ B
mixture identified in the same manner were: the unchanged subystrate ~
. . e L. o 2 . - =
E I i

(X1V; ?‘fg. 14), vlv-phenyl-Z-propanori'e- (IX; fig. '1A5‘)'*. amphetamine A} ‘
' (VI; fig: 16), 1-phenyl- 2 propanone oxime (X; f1g 17), and a ;')reviouslry'
e unrepo'rted meta,bohtve‘, 2- (Z hydroxYp‘i‘opylammo)-r,l phenylpropane, ,

. S, ‘-‘"‘ ‘ . K
_i.e. 2-OH-NPA (XVII! fig. 18). This last metabolite will be’

.
- . v

discussed in detail later(
o -

-.2.- G.l.c./m.s. Identification of N-Oxygenated In Vitro Metabolites-
‘ . R :
of (¥)-NPA Co T l

’ }) [ o C 4(\ ! . V’
' Secondary hydrexylamines are more stable to g.1.c. /?. s. .
oo e : ' !

,analysis than the corres;;onding pi-i)ary hydf'bxylamines (98).
a s . P
Pr'lmarys hydroxylammes, thhout prlor derwahzanon may decompoSeT L

tdﬁ‘ﬁ)elr correspondmg oximes -in the g.l.c. /m 8. system before
. r.~. . . -qw .

~
O

. .@4
[ 4
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.

Compound L T Yied ()% . Ty (Min)3 ‘R f‘4
‘ -, ’ Y Column Column
» o . e D E'.
b . . -\—qr ' . N
PhCH. , CH(CH )NH(CH,) ,CH | L(XIV) 94.9. 9’5‘ 1.9 9.7 0.2
PhCH CH(C{{‘})N(CI:{ ) .CH %'. (XV), o 3- 9.6, 13.2 - 065 .
o XY o v .
CC OH*- | - A ‘
v . ' . - SR S B
' PhCH cmcn ﬁ HCI—I CH ‘(xvn 1.0-2.0 22,1 L a3t
' [ ‘ “ ' ’ &.
' o B ) | .
P <\ &,' A
'-.fphCHZ‘c'_:bCf'{'B | (IX 0:2-005° 1.8 - 3.2 ° 0 08
’ LR Wha , . . .l oL v ’
PhCH CH(CH-)NHZ f-(vr) 2. s 3 o,t . 3.8 0.15
S v N “I' | lA.. b | ’
'PhCH, C(CH )= NOH o (X) ’o 10! 2' 16.5 - - 0.8
T ¥ , ‘ " . ‘;’ . ;}.‘
PhCH CH H, )NHCH CHO'HCH (XVII) ,0 2 O 4 130 - - 0.1
. . . »
..' . v 4}‘. . // .
v o .
L T
.
\," . — i’ |
Standard _13 vitro incubation mixtures incubated fo
Total recovery of( ) NPA and metabolltes was 9/8 8~04%, wheré ' ,
(%) is the standard error of the mean o
. ‘ o S !
‘ Both columns/at 155° ’ ! /- !
3 ' '/

4

' TABLE 12. GAS-LIQUID CHROMATOGR A PHY RETENTION TIMES

(Tr), THIN-LAYER CHROMATOGRAPHY R VELUES ‘AND, YIELDS

/! OF RECOVERED (1)-N- PROPYLAMPHETAMINF_S AND ITS IN VITRO
METABOLITES FROM THE FORTIPIED 12,000 x, g SUPERNATANT OF
HOMOGENIZED RAT LIVER ‘

o

“Bilc. performed on mhca gel G- PF254 in*chloroférm: acetone (9: 2,)

\‘ . B ) . L “-‘v



- O
m/e.192 ,y CH3 OH
. ! /e
[M-IG]' l m/e 193
. mle177 - .
1 ‘y CH3CH?§JCH2CH2CH3
Y OH m/e 12
CH3CH=NHCH,CH,CHjy
m/e 86 ’ { - H20'
-CHy=CHCH3 CH3C =RCH,CH,CHy
. . mle 84
CHgCH=NH, .
- CHy=CHCH
mle 44 2 3
CH3C5.ltlH
8 mle 42
in vitro metabolite
t ' .
-

x 10

78

j?

CHCH—N— CHCHyCHy - [CgHg)

\ mle 77
' PhéHz

mle91 -

PhCH=CHCHy"
mle 118
_H.

[CoHg]*

mle 117

- CHy=CHCHy

CH3CH=NHOH
m/e 60

/o N

# RELATIVE ABUNDANCE

1

A Lo

0
authentic XV

o1
x10
‘ 18 192
117 /
, h N4 ‘L193
1& T
T T T T R}
100 m/e 150 200

Fig. 12. G.l:c./m.s. identification of N-hydroxy-1-phenyl-2-(n-
propylamino)propane (XV) as an in vitro metabolite of (1y-N- pro-

pylamphetamine.
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@C‘HzCl:H—'l?:CHCHz(:Hj_I. -
. 0 -

F CH .
“CHaCHy 3 m/e 191 ~PhCH
- M-29 . '
PhCH=CHCH3 [C5HNO]
m/e 162 . r. m/e 118 m/e 100
/m/e 91 -H- e I—O
- . © CHaCH=N=CHCH,C
[csFs] [CeHs]’ [CoHe] 3 2C13
> mle 117 mle B4
mle 65 m/e 77
~ in vitro metabolite.
tt
Q
z &
<
()
> | L .
g J Il L Il 1 L ll l L
wi 91
= 18 authentic XV
L= .
—
o 17
| ; B 162
\ | 65 7784 ) L 191
N_.L_l_lj_l_rL_J-—u.hﬁl — ~ Jl _L?EB__

50 100 mle 150

Fig. 13. G.l.c./m.s. identification of N-[(1 -methyl—Z-phenyl)ethyl] -
l-propanimine N-oxide (XVI) as an in vitro metabolite of ()-N-
propylamphetamine.

)
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| ¢
CH,CHNHCH,,CH,,CH
- 2 2412513
CHzcil///’<C::> \\\\‘F%Hir \

m/e 177 )
PhCH2CHNH CH2 -H: . -CH3 mle 77 -
‘ CH3 | K
+ +

mie148  [M-1] PhCH,CH=RHC3H;

mle 176 m/e 162
» PhCH,
CH=CH
- PhCH*CHCH31* g mle 91 0
- m/eT18  CH3CH=NHCH,CH,CH, [C5Hﬂ
+ /e 86
[CoHg] -Cén=CHCH m/e 65
 mle 17 273
o ' CH3CH=NH,
mle 44
recovered XIV
(U_')J )(10_\,l
z
<
o
Z
8 L
< 1d g | i o L L
L 86
;_>_ authentic XIV
< |
1 ,
W |asa
a
148 162
65 / L [ 176 177
Y , J'\ ] 11 llll hl
50 10 200

Fig. 14. G.1l.c. /m s. of authentic (+) N-propylamphetamine compared
tog.l.c./m.s. of (t*)-N- propylamphetamine recovered from in vitro

1ncubat10n mixtures,



{
. ~ PheH L e
CgHs! mlegt T PhCH;—C=0
mle77 . 1 mle 119
,C5H5 *
mle 65
E -~
\'ﬁvitro metabolite
. ,
Lt ’ )
O
Z
< _
200
5 ] I 1 | 1
@ . : —_}
< 9 o ™~
u>J authentic IX
-
<
R |
d 134
' 65
43 |
77 19
| l i l“l a1 N |
1 T B | T
50 75 mle 100 125

Fig. 15. G.l.c./m.s. identification of 1-phenyl-2-propanone (IX)
as an in vitro metabolite of (})-N-propylamphetamine.
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@cungNHzT ‘
. \-[Ce Hg]"

- K mle135 CH3
e 4 : mle 77
' [M-l] / ,
mle 134 b . phéHz
| PhCH=CHCH, ' | mle 91
mle 118 -,
/ CH3CH=NH, [CSHSJ’ _
|
[CSHSJO mle 44 mle 65
mle 117

K *in vitro metébolite
“ - ——— I3

w

O

Z

<

Q .

b4

-

< A

< ik 1 l l | L asl L
w 44

= . .

: 65 authentic Vi-

= | |

(+ 4 91

77 18 .
' , ; l L \ 135
l 1 s
| § 1 f
50 m/e 100

Fig. 16. G.l.c./m.s. identification of amphetamine (VI) as an

in vitro metabolite of (t)-N- propylamphetamine.

d
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@CHZC NOHT
e .
. [M 18] 'H 0 mle149 _6 5
| z NCOH mle 77
m/e 131 _CH3 .
- | M-17]"

. M- 33]" mle 132 ~
oy BN, e
‘mleil0 ' mle 91 o~

CH;C=N-OH [5H5]
m/e 58 mle 65
L ]
[
in vitro metabolite
]}
o
Zz
e -
o
2 .
lg ] l i 1] i “I ||
w 9N
E authentic X |
< 116 149
d 65
131
58
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*(X) as an in vitro metabolite of (¥)-N-propylamphetamine.
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characteristic masa\\hpec\tra can be obtained. 1f combined g.l.c./m.s.

85

is to be-used to identify pri'max\-?\hydroxylamines, they can be converted

to their trimethylsilyl (TMS) derivatives ( §4) pri\m)r to analysis.

P . .
Subsequent mass spectra of these silyl derivatives contain ions which
have been shown tao/be diagnostic of N-hydroxylated compounds

(cf. scheme 16).

The most reliable method of obtaining characteristic mass spectra

of primary hy;droxylamines is by direét-inlet or direct-insertion
mass s?/trome_try in which the sample is introduced directly into
_the ion/ource and the spectrum recorded. Beckett, Coutts and
L

Ogunbona (98) used this method exclusiQely for the m. s. char-

0y

~2

acterization of primary hydroxylamines which would otherwise

Iz -

decompose. &
G.l.c./m.s. analysis and interpretation of the fragmentation
patterns of N-OH-NPA and its related nitrone have been reported
"pxgriously (98). These compounds may also decompose to some .
extem{z in the g.1.c./m.s. system, butin comparison to the primary
hydroxylamines, this decomposition is negligible. In the present

study, steps were taken to obviate any loss of metabolite through

- - / . . 3, N
on-column decomposition {vide infra). S

The g. 1. c. /m. s. information shown in fig. 12 was obtained from -~

syﬁthetic N-OH-NPA and from N-OH-NPA produced metabolically

by, and isolated from, incubation mixtures where (1)-NPA was



~used as substrate. These a;;ectra were ideﬁtical to those reported
previously‘ ('58). Like the parent 'amine‘:, N-OH-NPA did not give an
abundant molecular ion (m/e 193) but had a low abx.mdance (M- 1)+
ion of m/e. 192. Other abundant ions present in the mass spectrum
of N-OH-NP,‘A were of m\/e 118, 117, 102 (base peak), 91, 8‘ , 84, 17,
65, and 60. Of partieular diagnost%c importance were the ions of
rr)/e 102, 91, 86 and 60. The compc;sition of each of these ions is
hown in fig. 12 which indice;t\es that the oxidation h;s eccurred on
J‘.the -CH(CI—I3)NHCHZCHZCH3 side-chain and not on the benzyl group
(cf. fig. 14). The presence of the abundant fragment ion m/e 60 "
was particularly diagnostic. This fragment ion is observed in the
“ass ffagrr;entation of primary and secondary (if the N-alkyl
group is larger than -CH3) N-hydroxy amphetamines (cf. scheme
14). The m/e 60 fragment ion is considered to be virtually in-

3

disputable evidence that the oxygen atom is located on the nitrogen
atom. Beckettgtil_. (98) reported that the mass spectrum <;f
. N-OH-NPA was similar regardless of whether combined g.1.¢c. /m. s.
or direct-inlet m. s. was use_dv.

;I.he nitrone (XVI) derived from (f)-NPA also fragments in the-
mass spectrorneter in a fasﬁion which can be used for identification
(fig. 13). The mass spectrum of the nitrone, like that of N-OH-NPA,

- contained a molecular ion of very low abundance. Major diagnostic

ions in the mass spectrum of the nitrone were of m/e 162, 118,
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117, 100, 91 (base peak), and 84. A single outstanding feature
of the mass spectru;n of XVI was the relative ab\:ndance pf the
ions of m/e 117 and 118. Beckétte_ta_l, (98) showed the m/e
118 ion as the base peak in thﬁir mass spectrum of nitrone XVI
whereas the m/e 91 ion is th base peak in fig. 13. This may
reflect either a différencée in scanning technique or a difference
in m. s. instruments. Never;tﬁe-le;;, the m/e 117 and l118
ions appear in mass spectra of other amphetamine.g (cf. fig. 14)
but their relative a’bundances are quite small in comparison to
those seen in the mass spectrum of XVI.

Beckett, Coutts and Ogunbona (98) pointed out that from mass
spectral data, the position of the double bond attached to the
nitroéen atom of XVI could not be determined. They stated that the
double bond could be either on the N-alkyl side-chain or on the

benzylic side of the N atom. In a subsequent report (109),‘ thes$
same authors examined purified XVI a-n;i obtained n. m.r. data

indicating the position of the doublevbond to be as shown in fig. 13.
Ann m.r. spectr\.zm of XVI prepared in the course éf the present
studies substantiated their assignment of the position of the double

bond. The n.m.r. épectrum of XVI (in CDC13) was: 6 0. 89 (t;

3H,.J=6.5, CH,CH,); 1.46 (d, 3H, J=6.5, CHCH,); 2.00-3.55

+ (m, 4H, CIiZ groups); 3.60-4.36 (m, 1H, CI;I_CH‘3);’6.Z7 (t, 1H,

* L=

J=6.5, N=CH); 7.14 (s, 5H, C H,). Of particular diagnostic value

rd
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were the chemical shifts and multiplicity of the signals produced

by the three groups identified as (a), (b), and (c) in the structure v
J . 7 2
above of XVI. The protons of the methyl group (a) came inko>, S“\W"J‘x&
. ~~f’_' T AN
resonance at § 1.46; the signa.l was a 3-proton doublet. ‘One

e i
e S G I
methine proton (b) was a downfield mulhplet (63. 60 4, 3@) and “%{‘H% .

4 "\ Y 3 I
the other methine proton (c) gave a S1gna1 which waa\partxcx};larly g

diagnosdtic. It was a far-downf‘i}ld)(G 6.27) triplet as would be
expected if it were directly atljta:ched to a C:N-O_ carbon atom. .

TBe g. l.t. /m.'s. behavior of various oximes has been reported
(98). Whe‘t\héi' combined g.1.c. /m.s. or direct-inlet m. s. is' per-
form-:ci‘, oximes generally px'-oduce ahundant molgcula;‘ ions. In’
the case of 1-phenyl-2-propanone oxime (X), in addition to an
abundant molecular ion éf m/e 149 (fig. 17), th‘ere are diagnostic
~‘ions of m/e 132, 131, 130, 116, 91 (base peak), 77, 65, and 58.
The m/e 116 is considered to be of gre‘atest importance (98)
and its formal;ion is thought to be the result of the sequential loss
ofHZO and a methyl radica_l from the molecular ion (fig. 17).

3. Quantitation of In Vitro Metabolites

As outhned previously, the quantitation of N OH-NPA was

based on the direct g.1. c. analysis immediately after ether extraction
of the incubated in vitro metabolism mixtures at pH 7.4. It has
been shown that N-hydroxy rr;e.tabé)lites of the amphetamines a—x-’e{:' sensi-

A

tive to work-up procedures employed during ana}yéis (62,98). This

VIS

r‘-‘uanﬂ.q_ et bt S Bl b .



is especially true in g. l.c. éxaminations where the choice of
column and geometry of column fit in the gas chromatograph oven

‘are i'r:nportant. The Perkin-Elmer model 990 anél Hewlett-

Packard models 57004 and 5710A gas chromatographs used in the
preant study are designed in such a manner as to pex;mit
positioning of a gI%ss column within a few millimeters of the
injection port ~sepfum. This allows direct on-column injection

 of samp“le and eliminates exposure” of labile mc‘tabolites to the heated
metal Asurfacgs of the injection po-rt where decomposition of metab-’
olites can occur.

To determine the stability of N-OH-NPA in the g.1l.c. system

"to be used for quantitative analysis, N-OH-NPA was liberated .fx;om N
its oxalate salt in pH 7.4 phosphgte buffer and ex_tra_cted‘immediately *
into freshly di.stilled ether. Three 1l gf the ether extract was then

analyzed by g.1l.c. on 7.5% Cax"bowax 20M on Chromosorb W under
th’e conditions listed in Table 10 for column D (1 550)‘. Decomposition

of N-OH-NPA to the related nitrone (XVI) and oxime (X) was ob-

served and accounted for up to 20-25% ¢ the rotal peak area
integrated.
® Th;: poss.ibility existed that the oxime and nitrone were formed
in the aqueous‘qolution prior to extraction, but this was guled out
as a major source of oxime and nitrone when serial samples were

prepared. In these samples, aliquots of a solution of N-OH-NPA

oxalate dissolved in pH 7.4 buffer were extracted with ether as
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before, at intervals over a several hour period, and analyzed by

g.1.c. The rate of conversion of N-OH-NPA to oxime and nitrone

» { .
—

was quite slow ( <5% h"l). The conclusion was that on-column
decomposition of N-OH-NPA was the major source of oxime and
nitrone.

Calibra{{qn curves for N-OH-NPA construc‘ted with data obtained
from g.1’¢. columns in w};ich Chromosorb W had been used were
difficult to rcéroduce' and particularly at low concentrations (0.1 -
1.0 pmol), the calibrations were unreliable.

Several other types of liquid phases for g.l.c. analysis of N-

OH-NPA were screened, i.e. OV-101, OV-3, OV-25, XE-60,

e

q
and OV-225. For the most part, these columns were found to be

unsuitable either because of poor peak resolution or extensive on-
. ;
column destruction of N-OH-NPA.
Up to this point, g.l.c. column packing material had been

prepared in the standiard manner; th(-:: selectedhguid phase was
dissoivéd 1n :he appropriate solvent and added to a slurry of
stationary phase in ti’xe same solvent used for the liquid phaﬂse.

The solvent was then re4moved under reduced preSsqre in a rotary
evé.po.rator. This standard method has been criticized (125) as being
grossly inappropriate for the préparation of high efficiency g.1.c.

columns because of the tendency of fine particles of Chromosorb

W to fracture in a rotary evaporator. This fracturing process
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_ rlcrsulﬁg in éx'posur(‘ of active (i.e. uncoated) sites which reduce
column eéfficiency, performance, and, as in the case of N-hydroxy
by . . -
compounds, these sites might act as catalysts for on-column decomp-
!

osition. " The authors of this critical paper (125) recommended the

use of a new solid support, Chromosorb 750, which is made of

~-

harder and more uniform particles than Chromosorb W and, as-a
< .

résult, was less likely to fracture and SUbsedq\')ently develop un-

g P

) desired aitive sites. The ultimate benefit was greater column

K

efficiency and peak resolution,
u A\

When the column packing was prepared according to LLeibrand and

: Dunhar‘n (125) ‘and lChron"iosorb 750 was substituted for Chromoso. o
W;"on—c‘olum\n' d,écompos;itién of N-OH-NPA wa: corsiderably reduced

BT

and overta_‘ll peak__resoh}tion_for all compounds was improved. "This

.  méthod of column preparation was adopted and used exclusively

: g ’ g
thereafter. e ST
. A . :

. Calibratidn cin;w;s for th[e quantitatiop of metabolically prodiuced
' ™
/ _
N-OH-NPA by means =7 ¢ 1ic. analysis on this new column were.

A& . ' . :
linear and reproduciblé in the concentration ranges encountered

VK o -
. . % 3 g >
in the in%itro exp€riments. .

The <lope of the calibration curves for N-OH-NPA, and the
e, , other compounds quantitgted, we_r.e.calculated on a Digital computer
model PDP-8L, using a cust_é}m prog;am for linear regression and

correlation (appendix lj. The computer program was designed to

“calculate quantities of drug or metabolite from the peak areas of drug

.
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or metabelites and internal sLandard\nd the slope of the calibration

curve. Subsequent modifications of this program permitted the

calculation of the amount of metabolite in ymol of product formed

r.ng protein h_1 (appendix 1).

In the abseﬁte of adequate amounts of the authentic nitrone (XVI)
standa | curveg for this product were not available initially and
detector response for the nitrone, for purposes of quantitation, ‘was
considered to bel comparable to that for N-OH-NPA in view\of their
structural similarity. However, after several in vitro expe;iments,
it became apparent that thevsum of substrate and metabolites
recovered accounted for only 96-97% of the starting material.
Numerous possibilities were considered which might account for
less than 100% recovery including the presence of undetected
Lmetabolites.

The obvious approach seemed to be{onstruction of a standard
curve for the nitrone in view of the fact that this was the only
compound forl whi?:‘h a standard curve k.1 n. been prepared.
Cdmparison{of the-detector response . nit-ore XVI and N-OH-NPA
would determine if in f_act;a quantit‘ative 1.7f ~ence existed.

Authentic nitrone was eventually prepared from N-OH-NPA by
means of a mild oxidation with yello.w mercuric oxide (cf. scheme

11; 90, 109). After purification, g.l.c., g.l.c./m.s.,and n.m.r.

characterization, at‘Standard curve for the pure nitrone (0.1 -

+

92
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: 0.5 umol) on g.1. ¢. column D (1550) revealed that there was indeed
‘a difference in the detector sensitivity to the nitrone when compared
to N-OH-NPA and this difference accounted for much of the "missing"

metabolites. Total recovery from in vitro incubation mixtures,using

Nﬁ-A as substrate was then established at 98. 8t0. 4%.

Quantitative analysis of the oxime (X) and phenyiacertone (IX)

pe

were uncomplicated. Both of these compounds were easily and completely
extracted with ether from both neutral (pH 7. 4) and basic (pH 12 -
13) solutions. The oxime maly be routinely qua‘ntita‘lted ong.l. c.
column D (1 550) where there were no interfering peaks. Phenyl-
acetone elutes from colufﬁn D (1550) coincideﬁt with NPA and
must be quantitated on c'élumn E (1550), on which these two compounds
separate completely (table 12) and on which no interfering peaks

" are observed. Calibration curves for these two compounds were
linear and reproducible in the conceﬁtration ranges encountered in
the in vitro experiments (0. 05 - 0.5 pmol). Final calculation of
the ~uuntities of oxime and phenylaceton'e present in the in vitro
incubation mixtures was determined by the computer program
previously described.

Hucker (89) has reported that phenylacetone (IX) was metab-

olically reduced to the correspondiné alcohol, 1-phenyl-2-propanol,
by rabbit liver microsomes in vitro. On g l.c. columnkE (1550),
the Tr Qf l—phenyl—?.-propa;lol was observed to be 3.4 min. This
places it exactly in between phenylacetone (IX):and amphetamine

(VI), both of which are observed as in vitro metabolites of NPA,
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G.l.c. traces of ether extracts of in vitrd metabolism mixtures

where NPA was used as substrate, did not contain any detectable

amounts of 1 -phenyl-2-propanol. If any was prese ', it must
. E p )
have been in very small quantities. A final attempt to qualitatively

identify 1-phenyl-2-propanol in the in vitro mixtures involved the

4

use of g. 1. c./m.s.

The alcohol, although'structurally related to phenylacetone,
produ(‘:es a‘distinctly different mass spectrum (fig. lé) in which
the base peak is of m/e 92, rather than of m/e 91, as is the case
for phenylacetone and amphetamine.

Repeated m. s. scanni.ng of the tail of the phenylacetone peak
.and of the region where 1 -phenyl-2-propanol would be e'xpeéted in
the gas chromatogram of an ether extract of an_i_r_d_v_iif_o.invcubation
mixture did not produce any m. s. fragments suggestive of the pre-
sence of 1-phenyl-2-propanol. If the ketone metabolite (IX) of NPA
was metabolized to the related élcohol, the amounts involved were
inconsequential.

Recovery of unchanged NPA from the in vitro incubation mixtures
could be quantitated by examining either ‘neutral (pH 7.4) or basic
(pH 12-13) ether extracts. As would be expéct‘ed of a basic amine',/,
NPA was more effi;:ieﬁtly extractgd from aqueous solutions at pH?

1_2-13 than at pH 7.4, but on both column D (1550) and E (1550) -

linear and reproducible cal: -ation curves were .obtained at both

94
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Fig. 19. G.l.c./m.s. behavigr of 1- -phenyl-2-propanol (cf. fig. 15)
and a comparison of the g.1.c. /m.'s. line diagrams for 1- -phenyl-
2-propanol (top) and l-phenyl-Z-propanone (bottom).
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pH values. *NPA present in ether extracts of in _\:12-__0_ in;ubation

mixtures at pH 7.4 and pH 12-13 was rOthinely quantitated 'on column

E (155°).. .~
NPA can also be quantif;ated‘on coiumn D (1550$  However,

, :
when in vitro incubation mixtures are extracted and analyzed on

column D, phenylacetone and amphetamine which have virtually

" identical g.l.c. retention times (table 12), elute from this column

simultaneously with NPA. Theref_dre,v to quantitate NPA on .collumn
D, the amounts of phenylacetone and amphetamine must first be
determined on colnﬁmr? E and thgn these» Vahieé subtracted from the
arhougxt of "NPA" observed on c'olumn D..

Re.covery of amphetamine, .the N-dealkylated m.etabolimte of NPA, i'
from aqueous solﬁtioﬁs at pH 7.4 was erratic and non-reproduAciblhe.,
G.l. c. caliblrati’on curves of ther extracts of amphetamine from
aqﬁeous éolutions at pH 7.4 were non-li'near and subjept to significant
errors, especially in the concentr‘at'ion range of 0.1 :- 0.5 yumol.
Accurate and reproducible quantitation of ampgetamine_could only
be obtained by ether extraction of the vaqueous samples ‘at pH 12 - 13.

Beckett_é_til_. (68) pointed out that primary, and to some extent,
secondary hydroxylamines were susc‘éuptible to decomposition in

aqueous solutions of NaOH. The rate of decomposition of secondary

hydroxylamines was not reported but it was claimed that the di.sappear-

ance of the secondary hydroxylamine was inversely proportional to

“
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the length of the N-alkyl substituent. In view of the necessity to

basify the in vitro incubation solutions prior to quantitative

- : [

" analysis of amphetamme, it'was necessary to déetermine the effects

of adjusting the pH to 12-13 on the stab111ty x)f the N - oxygenated /
metabol tes of NPA.

Standar‘ in vitro incubation'mixtures at pH ‘7. 4 were prepared C oy,
with (£)-NPA as substrate and incubated at 370\\;{01' lh. Atthe |

end of the incubation period, duplicate samples were extracted
. i
r

.

and analyzed as follows: one group of samples \L/as extracted with

ether immediately at pH 7.4 and analyzed on g l.c. column D
’ ’ . .

(1550) for N-OH-NPA (XV), the related nitrong (XVI) and the
oxime (X), and on column E (1550) for phenylace'tone (IX) and NPA;
a second group of samples was adjﬁsted to pH 12-13 and immediately

, : °©
extracted and analyzed as above on column D for the N-oxygenated

. compounds and-en column E for phenylacetone, NPA and amphetamine,

toa

Quantitation and comparison of these two sets of samples

revealed that.exposure to aque.ous Na for a short period of éirn_e

(2-5 min) resulted in only a minor (5—1\0%) decomposition of N-OH -

t

" NPA to the related nitrone and oxime. However, when similar

§
samples, or aqueous samples contaiﬁ}ng only small amounts (0.1-

st

0.5 umol) ofrpure N-OH-NPA or nitrone, were left fexj‘ extended

periods (e.g. 12-24 h) at’'pH 12-13, complete conversion of N-OH -

NPA and nitrone to oxime was observed by g.1l.c. analysis and

could be shown to be quantitative by reference to calibration curves.
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A rationalization for the conversion of N-OH-NPA and its

nitrone to oxime in the presence of base can be seen in schemé

19. The in vitro metabolite, N-OH-NPA, is converted in basic.

PhCHoCH=N~CH,CH,CH3 PhCHCH— R=CHCH,CH -
‘ CHy OH 3 0 .
H20 4
= PhCH,CH—R=CHCH, CHy —~[PhCHCH—fi~ CHCH,CHy
CHj O (OH CHy g 0

(/H

PhCH,CHNHOH PhCH,C=NOH
. CHy ‘ CHy o
CH3CH2CHO Scheme 19 >

solution to the nitrone which subsequently hydrolyzes to N-hydroxy-

. ‘ P .
amphetamine. Under basic conditions, N-hydroxyAmphetamine is
. ) . i

/extremely unstable and instantly decomposes to the oxime (112).

The oxime (X), formed from N-OH-NPA and its nitrone in the

c e

prgs-ehée of aqueous NaOH, is relatively stable to basic conditions.

,‘If the presence of this oxime in metabqlism extracts was indicative

g lic. anélysis it first appeared that no al

ofl metabolic' N-ox.idation, if follows then, that quantitation of
tota‘1 N-oxidation of NPA could be acc(‘)mpilished i)y conve rting‘all '
N,-oxy'g;:n;'ited products to the relatively stable oxime.

To test this approach to the quantitation, incubated metabolism
mixtures co.ntainirig (i’)QNPA, microsc: and cofactors were,

adjusted to pH 12-13 with NaOH and left - Aing for 24h. Upon
7€ the N-OH-NFA

had been converted to oxime since a g.. ¢ pe~ vi .se Tr corresponded
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to N-OH-NPA persisted. Adding more base and heating to 37°
' for 24n did ﬁot further affect this peak. A g. l.yc.'/m. s analysis,

'of the peak was performed and the fragments observed are shown \
in fig. 18. The absence of fragments at m/e 60 and m/e 86 was

strong evidence that; the unknown compound was not N-OH-NPA

(cf. fig.l‘Z)!, but was, instead, an additJonal alkali-stable metabolite.

The ions of major diagnostic importanée were of m/e 148, 102,

i
<

91, 84, 77 and 65. These fragments confirmed that metabolic

1

oxidation had not occurred on the benzyl group but rather on the

Il

- H H
CH{CcH 3)NHC ZCHZC 3

side-chain of NPA. The presence of strong ions at m/e 148 and
m/e 84 wére of particular ciiégnostic value in locating the position
of the hyd‘roxyl g‘rou‘p in thiis metabolite on the N-alkyl .side-chain.
.Comparison of the g.1.c. /m.-s. of al;l authentic sample of XYII

]

with that of the metabolite confirmed.the.structure to be that of

XVII. /

a

In view of the discovery of this new metabolitevwhose vg. l.c.
reteﬁtion time crresponded to N-OH-NPA, changes had to be made
in the analytiéal schemes e nployed. To analyze for] XVII, all of. P
'tﬁé N-OH-NPA present in thgfﬁ_v_i}_r_o incubation mixture had to
be converted either to nitrone and/vor oxime (vide supra). As a

“result, quantitation using the pH 12-13 extract had to be based on
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"total N-oxidized" products. This was defined as the sum of the
compone}nts of the incubation mixture isolated and identified as
containing an N-O bond (in this case, oxime and nitrone), Similarly,
if quantitation of N-OH-NPA w‘idesired; the amount of XVII
contributing to the N—.OH-N.P,A pea‘k in the neutral extrict had to

be determined and subtracted from the amount integrated as N-OH -
NPA'. Repeated observations showed, ho@ever, that the amount of
XVII in the neutral extract was relatively constant and contributed
little. to the N-OH-NPA peak. Thus, these involved mathematical
manipulations were discontinued. Furthermore, once the

metabolic pattern of N-OH-NPA had been established, quantitation

of N-OH-NPA itself was discontinued in favor of reporting N-
1

. oxidation on the basis of the sum 71’ oxime and nitrone after NaOH

j
treatment of the incubation mixtures. >

Although p-hydroxyamphetamine is a major in vivo metabolic
product of amphetamine in the rat (81, 83,103) and has been
’ g
identified in trace quantities in vitro (106,108), neither its presence
nor, that of p-hydroxy:NPA could be confirmed in this in vitro study.

However, a significant amount of administered (1)-NPA is converted
to p-hydroxy-NPA in vivo in rats (vide infra). Studies to be reported
later have revealed that the efficiency of e}:her extraction of pP-

- . ‘J

hydroxyamphetamine from aqueous solutions was extremely low,

i.e. 20-25%, even at pH 9.5. It is possible that small amounts of
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B-h'ydroxyamphetamine were formed in vitro from NPA §nd simply

\

not detected. The extraction efficiency of E—hydroxy-NP on the
other hand, was shown to be greater from doped soldtions, i.e.,
60-70%, at pH 9.5, but none could be detected in the in vitro
incubation mixtures.
4 Establishment of Optimal Conditions For Inm¥Vitro Metabolic
. e
N-Oxidation In Rat Liver Homogenates ' ‘
In order to obtain precision between experiments, standardized
in vitro conditions must be determined. The enzymatic assay should
| -
'be performed under conditions in which the concentration of substrate
and cofactors are not rate—limit-ing, and product formation should
bé linear with respect to time during the incubation period. Thus,
various factors, among them, the concedtrations of enzyme, substrate,
. 4
| .-
cofactors, and period of incubation, must be evaluated to establish
optimal conditions. ; AN
! ¥
These studies were undertaken only after acceptable methods of
extraction, identification and quantitation of i_r_l.,vitr-o ‘metabolites
of NPA had been established.
a. Cofactor Concentration
The cofactors of interest for initial study were G-6-F,
+ ++ , .
NADP , and Mg . In each of these experiments, the volume and
concentration of the components of the incubation mixture, other than

A o

the par.ticularicofactor under study, were held constant. By varying

s
! -
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the concentration of each cofactor individually over a range of con-

centrations followed by incubation, at 37° for 1h, and extraction
and g.l.c. analysis of the metabolism solution, information was
rea.dily obtained pertinent to the requirements for each individual
cofactor for N-oxidation of NPA.

In incubation ‘r;ixtures where only G-6-P had been omitted, it
was not surprising to see a certain amount of metabolism of (t)-
NPA éccur in 1h in view of the presence of endogenous G-6-P
in the soluble fraction of the liver homogenate (fig. 20). The
'~ addition of 10 Jmol of G-6-P however, increased metabolism
\2-3 fold when compared to samples in which G-6-P had not been
\a\dded. A marked departure from linearity was observed over -
tl&\e 60 minute peribd in this sample, indicating an _eariy depletioﬁ
of\‘G‘—é—P. Addition of 20 ymol Gﬂ—P.significantly increased
thé amount of N-oxidation at 30 minutes when comp;ared to the 10
ufrixol sample and improved linearity through the 60 minute period.
Inclusion of 40 pmol G-6-P did not signif{(':antly'improve the.ra~te
of N-oxidation when compar;d to samples in which 20 urjnoi had
been added, ipdicating that 40 pmol G-6-P was supramaximal.

That NADP+ Qas an absolute requirement for mefabolic N-
oxidation;to occur can be séen in‘f‘ig. 21. Omitting NADP+

from the incubation mixture completely inhibited the N-oxidation

' +
of (})-NPA. Addition of 2. 2 ymol NADP' catalyzed N-oxidation

102 °
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*fe N=OXIDATION

0 " T T
: 30 60
- TIME (min) '

Fig. 20. The effect of concentration of glucose-6-phosphate on the
in vitro N-oxidation of (t)-N-propylamphetamine. ~-



104

1 /, \ )
\
; 3
~ {3
4 —
@ 8-8umol
4.4 umol
34 ‘
c_zg + 2.2 mol
’_—
< .
< 24
Q@ g ,
z
1 ~
: . « 0
(o) I T
0) 30 . 60
TIME (min)

Fig. 21. The effect of concentration of nicotinamide adenine di-
nucleotide phosphate on the in vitro N-oxidation of (Y)-N-propyl-

amphetamine.
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but departure from linearity in the ensuing 30 min indicated that the
.+
NADPF was either consumed or destroyed and little further
: +
metabolism occurred. Addition of 4.4 or 8. 8 ymol NADP
improved the rate of N-oxidation when"".(’fompared to samples
containing 2.2 y mol but adding more that 4. 4 y mol did not
further inérease metabolism. This indicated that more than 4.4
4 ‘
umol NADP  was not needed for maximal N-oxidation of NPA.
+ .
When NADPH (4 pmol) instead of NADP was added in
aliquots to a standard incubation mixture over a 60 min incubation
period, nearly identical amounts of metabolites were observed
+ +
as when NADP was used. Addition of NADPH and NADP  to
the incubation mixture did not increase nletébolism over the amount
.
seen for NADP alone. This information indicated that sufficient
enzymes were present to carry out the required conversion of
+
NADP to NADPH and that additional NADPH was not necessary.
- o +4 |
.An absolute requirement for Mg = could not be demonstrated
‘ LT . . . .
despite that fact that Mg  is thought to be involved with G-6-P
‘ : oA
ckehydrogenase and generation of NADPH (11).
: +
The results of varying the concentration of G-6-P and NADP
and the subsequent effects on N-oxidation of NPA indicate that both

are required for maximal metabolic activity but neither of the two

appear to be the rate-limiting step in metabolic N-oxidation under

the conditions employed in this assay.
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Nicotinamide is often added to incubation :nixt.ures\“\as a cofactor
in the beliaf that its prcscﬁce prevents the loss of NAD&?\+ by
inh.ib'i“ting nucleotidase, an enmzZyme responsible for destr:uction of
NADP+. Schenkn%anggil_. (126) \and Parli and Mannering (127)
refute this and claim that. its presence inhibits metabolic C-
oxidation of certain substrates. Since nicotinamide is itself
metabolically N-oxidized to its N—éxide (128,129), it may c'ompete
with substrate in metabolic N-oxidation studies and i't would therefore,
seem advisable to omit nicotinamide from all in vitro metabolism
reactions. However, conflicting évidence is available. In vitro
metabolic C-oxidation of nicotine to cotinine is not adversely
affected by the presence of nicotinamide and in fact the rate of
metabolic N-oxidation is.actually increased (scheme 20; 130., 131).

4

The presence of nicotinamide in in vitro incubation mixtures also

N

7 7
. {

X~ CONH, ~
nicotinamide

/ X :
/ .
N l N ' ' N 7N
N , N - CH N CH 0
cotinine ' nicotine " nicotine -N-oxide

Scheme 20

increases the rate of phentermine N-oxidation (93). Since these
results were obtained from a tertiary (nicotine) and a primary

(phentermine) amine substrates, it was})f interest to see what

4



the effects would be of including nicotinamide in the (t)-NPA

-

{a secondary amine) incubation mixture,
The results (table 13; fig. 22) indicate that the presence of nico-
o

tinamide in the incubation r}nixture reduced significantly the amount

S
I

. of met_abo}ic N-oxidation of ({)-NPA. Since nicotinamide is
extracted during in vitro metabolism studies and is an interfering
peak in qualitative and quantitative g.1. c. studies, its presenge
was undelsirable in incubation mixtures. For this reason, and
because of the results shown in Tabl}e 13 and fig. Zé,' it was
apparent that the inclusion of nicotinarpide in NPA incubation
mixtures was unnecessary. This may also be true for the in
vitro metabolism of other medicinal secondary amine derivatives
of amphetamine.

FAD is involved in N-oxidation of séme aliphatic amines ‘but it
has not been demonstrated whether exogenous FAD has any effect
on the in vitro N-oxidation of secondary aliphatic amines. vInclusion
of 50-‘1 00 pmol ' *! in standard in vitro incubation mixtures may

<
slightly reduce N-oxidation of (f)-NPA (table 14). With the
‘small amount of informatioh.available, it is impossible to make

conclusions about the involvement of exogenous FAD in metabolic.

107

N-oxidation. There may also be a factor or factors, as yet unidentified,

that are required in addition to FAD. Further research in this area

is required.
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TABLE 13. THE EFFECT OF NICOTINAMIDE ON THE IN VITRO ,
N-OXIDATIONV OF (t)-_N-PROPY LAMPHETAMINE IN FORITFIED

INCUBATION MIXTURES PREPARED WITH THE 12,000 x g
SUPERNA‘TANT OF RAT LIVER HOMOGENATE.

-

‘ : L 2,3,4
Percentage of total N-oxidation

Conc. of nicotinamide . .
R after an incubation of .

(u m?” ‘ . ) 30 min : 60 min
0 1.83 1 0. 24 3121t 0.32
30 1.74% 0.20 3.09 t 0,35
60 ‘ 1.30% 0.29 2.66 032
120 1/22%0.13 2.34 Y 0. 46

1per 6 ml of incubate
2S.um of metabolites XV, XVI, and X
+

3 s
‘Average of 4 determinations; values are - standard deviation

4See footnote to table 15
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Fig. 22. Effect of nicotinamide on theE vitro N-oxidation of-
(})-N-propylamphetamine.
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TABLE 14. EFFECT OF FLAVINE ADENINE DINUCLEOTIDE
ON THE IN VITRO N-OXIDATION OF (})-N-PROPY LAMPHETAMINE
BY FORTIFIED 12,000 x g SUPERNATANT OF RAT LIVER HOMOGENATE .

1

2 ) .
Concentration FAD -y mol N--oxidized3 product mg 1protein h
(, umol) |
0 : 0.15%0. 02
50 | ©0.14%g 02
100. ’ A "~ 0.14%0.02

one hour inéubation at 370." Values are-(t) S.E. M. (n=2).
2 _ |
per 6 ml of incubate

sum of metabolites X and XVI



b.  Buffer Type and pH
Gorxv'oxglv(72) pointéd out that the optirnum pH for in
vitro metabolic N-oxidation varies COnsiderably with the substrate
involved. It was readily apparent‘('?Z)' that the work publislhed to
date on the in vitro metabolism of the amphetamines ge'nerally
employéd phosphate buffer pH 7.4. it follows that t‘:o’ establish

optimum in vitro conditions for N-oxidation, the effect of pH must

be considered.

J

I i
Standard incubation mixtures containing (f)-NRA, in which the

pH of 0.'1‘ M phosphate' buffer ranged from 7 to 9,' were incubated

- for 1h at 37° aqd extfacted with ether and analyzed on g. 1. c.‘
column D (1550) and E (1‘550).‘ Ffom th(; results depicted in

fig. 23, and Téble 15, it was abundantly ‘c‘lear that the .optimum -
pH.for met3bolic N-:oxidation of (})-NPA was ﬁot 7.4 b:1t rgth;r

near 8.4. A 2- 3 fold inc;ease in total N-oxidation was observed .
as a res‘ult of this pH\change. "Above pH 8.4 the.,amount of |
vmetabolism began to decrease, presumably as a result .of enzyme
i;xactivation. |

This observed change in metabélism_ with change in pH of

incubation mixtures might be explained at least in part by considering

the pKa of the amphetarﬁines (i.e. pKa 9-10).. By increasing the

<

pH from 7.4 to 8 4 the amount of unionized NPA will also increase. '

It is the unionized moity which is able to penetrate the lipoidal barrier
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Fig. 23, Effect of pH and buffer type on the in v1tro N- and
C-oxidation of (*)-N- propylamphetamme
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TABLE 15. EFFECT OF pH ON THE IN VITRO N- AND C-
'cnéiATKNQOF q;pROPYLAMPHETAnuNE:mJFORTmtED | .
INCUBATTONKHXTURESPREPAREI)FRONiTHEIZ,OM)xg.
SUPERNATANT OF RAT LIVER HOMOGENATES'

Substrate pH N-oxidized Products2 C-oxidized Px‘oducts2
. _l -
~pmol ~ pmol mg,_, umol u mol mg_,

protein h ' protein h

Fy
(+)-NPA 7.4 _o0.11t0. 02 0 04t0.004 0.77t0.07 0.31%0. 02

8.4 0.26%0.04 0.1 *ooor  1.05%0.1  0.42%0.03
(-)-NPA 7.4  0.26t0.03 o0.10f0.010  0.70t0.07 o0.28%0. 02
8.4 0.53%0.14 0.2 :0.03  0.96t0.09 _0.39%0.05

(t)-NPA 7.4 0.19t0.01  0.07f0.005 0.62%0.04 0 23t0 01

15t0. 006  0.89t0.07 0.33%t0. 02

=

8.4 0.40t0.02

3

1
Values are ! standard deviation representing 3 experiments, each
of wh1ch was done in dupllcate Samples 1ncubated for lh at 370

The term 'C-oxidized products' refers to compounds isolated and
identified as possessing a C-O function introduced during either the
metabolism reaction or the subsequent analytical procedure.

Similarly the term 'N-oxidized products' refers to isolated compounds
shown to possess an N-O group. It is not implied that the total
C-oxidized products are formed by metabolic C-oxidation reactions;
C-oxidized compounds can be formed as a result of 2an initial metabolic
N-oxidation (Beckett and Belanger, 67,73).
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\
shrrounding the suspended microsome and subsequently interact
with the enzymes contained therein. The résult is increased metabolism

if the amount of enzyme present is sufficient to react with the increased

amount of drug.

A second possibility could conceivably involve pH d.ependent"w
effects on the tertiary strucfure of the enzymes inv‘olyed‘ where
stereochemical fit of NPA to the enzyme active site might become

optimized at a given pH, which in this case would be 8.4,
A third possibility, also related to pKa, is an increased extraction

efficiency of the metabolites at higher pH values being reflected

as false increases in metabolism. *©

This last pos’sib\ili%ty can be dismissed, however, in view of the
\.f/’ .

fact that the standard curves for g.l.c. analysis in this experiment

/ |

were constructed from extracts done at the appropriate pH values

/,‘a\pd thus.;qpfd{il;lting‘ for char;ges in‘extraction efficiency. |
The:_effect that the pH'of-the i‘ncubétion mixture migh't have on the
stereospecificity of the enzyme .ac:tive site cé‘nnot be ascertained
on the basis of ih; informéation available. However, the theory
cannot be dismissed entirely in view of the fact that the ultimate
d_ownw'ar'd trend in C-oxidation as pH increas;ed, occurred sooner

than trend reversal for N-oxidation. This may reflect a pH effect

on stereospecificity but more likely is a reflection of different

1
1

substrate specificity of NPA for P-450 (C-oxidation) and FAD-

amine oxidase (N-oxidation).
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The most logical conclusion then, would seem to be that as pH

i\ncrieased from 7.4 to 8. 4, t}{e ambunt of unionized drug available
: "o .

to pass the lipoidal barrier around the microsomes increased and
the greater effective concentration of NPA at the enzyr"ﬁ‘eﬁactivé sites
favored more extensive metaboliém and that as pH increased, the
enzymes, especially those responsible yfor C-oxidation, we‘re ‘
‘inactivated, It should }:k pointed out that one experiment was performed
WI;‘lere the pH was adju\’sted to 8.4 and (+)-_N-methylamph»eta;‘nine
was used as the substrate iﬁsteéd of NPA. ,_The‘ resgults indicated
that this increase inv the pH of the incubation mixtute also increases
the N-oxidation of N-met.hylamphetamine. b

During the course of the studies on the\eff'ect of pH.on N-
oxidation, . it was realized (132) that} phosphate buffer might not have
the buffer capacity (i. e., ability to maintaiﬁ a constant pH)T that would
be desirable'at‘fligher pH values (i, e. pH 9).. A r_.noré :versétﬂ.e
buffer was'necessary aﬁd as a re.sult, TRIS'HC_l buffer was sélecéedl.
Subsequent experiments involving metabolism og(t)-NPA at pH
values ranging from 7-9 revealed that there was an increased N-
and C-oxidation of '(J:)—NPA in the presence of 0.1 M TRIS-HCI
or TRIS-Acetate buffers at pH values which were compared to phos-
phate buffer (fig. 23). It is not clear what{ roie ‘phosphate buffer -

plays in metabolism in this system but similar inhibitory effects

have been demonstrated elsewhere (1.33) when aminopyrine was the

substrate. ’\
!

-
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|
These findings resulted in the adoption of TRVIS'HCI a‘s
the buffer of choice in subsequent metabolism studies involving N-
oxidation of NPA at both pH 7.4 and 8.4. It is noted that pH 8. 4
is somewhat of a departure from physioloéical pH but the object
was to determine those factors which affect lﬂllt_f_? N -oxidation
of NPA, especially inithe rat, whose reputation for metabolic N-
oxidation of a.mphetaminesbis poor (79). Much of the in vitro work
reported involving~ metabolism of aliphatic amine substrates via
N—oxidation in rat liver homogenates will now ha\‘/e to be re-
. | A . | .
examined. . .
§

c.  Substrate Concentration and Stereoisomerism’'

The quantity‘of\substrate employed in ang_ﬁ_t__r_g
incubation may effect an interpretation of tHe amount of metabolism
o.bs’erved. If; fdr example, too small a quar}tity of substrate is
employed and it is subsequently completely metabolized within a
short perioa of time, enzyme inauction may increase the. rate of
metabolism but obviously not the total amount of metablolit\es_
produced. If complete metabolism of a substrate is desired, serial
sampling must be performed to detect changes in rates of metabolism
in thie presence of increased énzyme levels.

‘Excessive concentrations of substrate could also effect interpreta-

tion of data. For example, when performing studies on inhibition

of in vitro metabolism, the effect of a competitive inhibitor like

116



SKF 525-A may not be seen if the conc- ntration of the subst at-
in the study is so high that it either blocks access of the inhibitor
to the enzyme z;ctive site or displaces the inhibitor from that site,
The result would be the impression that little or no inhibition
occurred in the presence of that particular inhib’itvor.

To determine the optimum concentration of NPA that should be
employed in routine in vitro studies of N-oxidation, standard
inc‘:ubation mixture_s in TRIS'HC]1 buffer, pH 8.4, were prepared in
which the amount of protein in each flask was held constant at 2
mg, and the amount of (t)-NPA per flask varied from | to 20y mol.

»
Incubation at 37° for 1h followed by extraction and g.1.c. analysis

produced the data shown in fig. 24. )

. \
The rate of production of both N- and C-oxidized products was

virtually linear until the high concentrations of sub:trate were
reached. The fastgst ra?tes obsgrved were, as expected, with the
lowest c?ncentratioﬁs of substrate. The decision to adopt 10 umol
as the concentration of substrate to be used in subsequent_ studies

was based upon two observati@f}: (1) metabolism of (t)-NP‘A at

this concentration was virtually linear with respect to time so that

117

changes in protein concentration of liver homogenate would be reflected

as changes in the rate of metabolism and (2) in view of the small-
amounts of some metabolites, higher concentrations of substrate
and consequently larger amounts of metabolites, was desirable for

quantitation and identification.
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It has been reported (134,135) that the rate of C-oxidation (i.e.",

deamina and N—'dealkylation) of ‘)-isomers of some amphetamines

ig greater than that for the corres v ing (-)-isomer, whereas the

rate of N-oxidation of the [-)-isomer is greater than that for the E
(t+)-tsomer. o

- /~

The early results reported here were obtained with (i)-NPA

as ‘substrate. To determine the relative contributions of the (+)-

; »
and (-)-isomers to the overall amount ofﬂ vitro metabolism of NPA,
pure samples of (+)- and (-)-NPA were prepared (see Methods and

-

Materials, sec. G.1) and used as substrates for in vitro metabolism

by rat liver 12,000 x g supernatant, and the results compared to

those obtained with (Yy-NPA.

These experiments revealed that C-oxidation was favored

in the case of (+)-NPA whereas N-oxidation was favored with (-)-

NPA (table 15).

The svelec_ti\'fi‘e metabolism of the stereoisomers might in part be
explainea by considering differences in substrate configuration.
Binding of NPA Qith P-450 is apparently sterically more favorable
in the case of thé (+)-isomer than the (-)-isomer whereas the
contrary might apply for the bi;lding of NPA with FAD-amine oxidase.

.d.  Optimizing Enzyme Preparation and Concentration
Improper technique or lack of standardization of the

technique employed in the preparation of microsomal enzymes are
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the most freq;xently eMcountered causes of question\able results in
in vitro m\etabolic studies. Some of the techniques outlined below
are a result of personal experience while others have been adapted
from establisfled procedures (11,136).

As mentioned previously, all anirﬁals were sacrificed by cervical
dislocation. On no occasion were any animals that Qere t‘o be used
in in vitro studies ever sacrificed by the use of any anesthetic.

After sacrifice, tﬁe liver may or may not be perfused. Perfusion,
usually with isotonic KC1 or NaCl, is sométimés recommended when
studies invol.ve determination of P2450. Perfusion reduces the ]
amount of hemoglobin (blood) remaining in the liver which can inter-
fere with the P-450 absorp.tion spectrum (l}Jl ,136Y. As an alternative
to perfusion, the animal may be exsanguinated via the abdominal
aorta with a large bore needle and 10 ml syringe immediately
after cervical dislocation. This tecﬂf, employi?d in the'se studies,
wagr‘;‘found to be acgeptable. It should also be noted that perfusion
carries with it tHe danger of lowering the amount of microsomal
pjro’téin present in the ‘l:jver tiésﬁe (11,136), with a subsequent decrease
in_illii_gr_é metabolic activity.

Homogénization of livéf}‘:fiésue was the most difficult technique
to standar.dize. Homogenizing for too short a period of time did not

rupture liver cells sufficiently to release the enzymes while too

vigorous homogenization released mitochondrial enzymes and
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extraneous protein, _i_._e_., protein detected by the Folin-Phenol reagent
but which is not responsible for drug metabdlism (vide inf,ra). Suffi-
cient heat may be generated by vi\gor - homogenization and the

result is de'naturation of enzymes. To avoid heat-mediated autolysis,
the hompgenizing trube can Be inserted in a beaker of ice during the
homogenizing process. 'The objective i;s to obtain a smooth homo-
genate tﬁat'pos sesses maximum .enzymatic activity with a minimum
z;mount of extrgneous protein.

Two basic homogenizing methods were available: the Virtis

blender and the Potter homogenizer. Much discussion has been

published regarding both homogenizers and both have applications

and disadvantages (11,1 36).
Two criteria were utilized in determining the efficiency of the
homogenizing process: (1) the amount of microsomél protein present

in the 12,000 x g supernatant and (2) the extent of metabolism

of substrate reported as pmol of product formed mgf microsomal

protein h

It was generally observed that for the Virtis homogenizer,
longer times and high speeds were required to obfain_ a smooth homo-
genate than were required for the Potter homogenizer. The.protractéd
homogenization procedu-e resulted in greater amé)unts of me't_abolicallya

inactive protein as measured by the criteria listed above. When the i

Potter homogenizer was used, consistent amounts of protein and
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reprdﬂducible metabolism could be obtainned with 7-8 excursions‘of the
pestlé, if t‘he liver was minced prior to homogenization. The Potterv
homogenizer was adopted for preparation of liver homogenates and

: ; : :
was considered to be superior to other methods.

It is worth noting that, within 1ivmits, it is :d‘ivfficult to ovér-
homogenizle liver tissue with a Potter horﬂogenizer. Thg important
factor is to standardi:rle the procedure with respect to'time and
vigor of homogenization.

'Méthods ofﬁisolation of thg microsomal supernatant from the crude
homogenate are varied (11,136).. It is éenerally accepted thai
centrifugation of the crude homog‘enate at 9,000 x g for~ 15-20 min
is sufficient to separate the miér.osomal fraction (supernatant) from
the particulate fraction. ’ S

Two factors were of intgrest in the prepatration of the microsomal

fraction: (1) if the amount of metabolites produced in vitro was to

122

' -1
be quantitated on the basis of mg protein (enzyme) ml of homogenate,

it .would be desirable to have reproducible quantities of metaboliéélly
active protein i.n each sample, and (2) cmss-cori'tamination of the
microsomal supernatant W:lth mit'och‘ondria., which contain reductasevs,
may have adverse éffects on the qualitative and quantitative nature

of the met;bolism mediated by the microsomes. The criteria used

to evaluate Fhe effect of variations in centrifugal force applied to the

. -1 - -
liver homogenate were: (1) ymol product formed mg protein h



k §
and (2) changes in patterns of metabolites as observed on g. l.c.

analysis.

)

A pooled 20% homégenate of three rat livers in 1.15% KCl was
; é ,
divided into equal portions and subjected to one of the following

centrifugation procedures: (1) 9,000 x g for 15 miﬁ; (2) 9, 000 x

¢

g for 30 min; (3) 12/000 x g for 10 min; (4) 12,000 x g for 20 min;
(5) 12,000 x g for 20 min followed by decanting the supernatant which

was then centrifuged again at 12,000 x g for 20 min. Subsequent

. s

protein determination and in vitro metabolism using (1)-NPA as
substrate revealed (table 16) that while there was little difference

in metabolism, the amount of protein present varied from 1.5
. _1 . :
‘mg ml of homogenate in the sample centrifuged twice at 12,000
‘ R -
. : -1 .
x g, to 2.8 mg ml  in the homogenate centrifuged at 9,000 x g for

15 min. The implications of these results are obvious. The higher

amount of apparently inactive protein present.in the latter'\:véuld
give inaccurate estimations of the extent of in vitro metabolism
when expressed on the basis of umollbproduct formed,mg'_ of
rﬁicrosomal protvein'. The g. 1. c. .results seemed to indicate that
there was no cross-contamination of the microsomal s‘uper:x'latant
with mitoc.hond‘rial enzyres, that is, the relative amounts of
metabolites in all sarr;ples were nearly identicai.

For reprdducible results, the method adopted ‘Was centnrifiugation

!

at 12,000 x g for 20 min. This produced a clear, beige-c'olored

N
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TABLE 16, EFFECT OF CENTRIFUGAL FORCE ON THE YIELD
OF MICROSOMAL PROTEIN IN THE SUPERNATANT OF RAT
LIVER HOMOGENATE AND SUBSEQUENT IN VITRO METABOLISM
OF (1)-N-PROPYLAMPHETAMINE.

Centrifugal force . _mg protein = umol _umol >product
ml-1 product! mg'1 ‘

‘supernatant h-1 protein h-l
9,000 x g , 15 min 2.8t0,14 . 0.80t0.06 0.29%t0.01
,9,000 x g, 30 min 2.2t0.12 0.76%0.05 0.35%t0.02
12,000 x g, 10 min 2:1t0. 11 0.77t0.04  0.37%0.02
12,000 x g, 20 min 1.8t0.12 0.81t0.05  0.45%0.02
12,000 x g, 20 min, 1.5t0.08  0.77%0.04  0.51%0.03

" decanted and repeated

H

A

total of both N- and C-oxidized metabolites of (t)‘-NPA (see table
12). "Samples incubated for th at 370, Values are 1S. E. M. (n=2).
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|
supernatabn‘t, which, ‘when prepared from a 20% w/v homogenate _.
of rat liver, contained 1.6 to |, 8/mg protein ml |
e. Relatio;nship Between Rate of Metabolism and Time of
Iﬁcubation : ' . j
Fof reproduc“ible results, the rate of metabolismiof a
give“n substrate should be linear with time during the cburse of the
experirpeﬁ/t. Tg assess this parameter, (%)—NPA (10 ymol) was
incubated in standard incubation. m;xtures for up ‘to 90 mi‘n. Samples
were éake'n at 0, 5, 10, 15, 30, 45, 60 énd 90 min, extracted and
analyzed on g.1.¢c. The :results are il_{ustrated in fig. 25.
N-OH-NPA was the metabolite of ma»jor. interest in this study.
’fhis m'etabollit;ev was detectable in fhe 5 miﬁute sarﬂples and cqntinued
to increase in concentration for the first 15 h;liﬁ, after which Iitﬁe
further increase in'the amount of N-OH-NPA could be demonstfat'ed.
At the same time, the amount of nitrone and oxime coriti‘nuéd to
increafse through the first 60 min. After 60 min, 1inearity of metab-
olism was los:t'. Adding additiopal cofactors at 60 min did not i_mpr‘ove
metabolism, indicating lqgs of. rﬁicrrosomal enzyme activity. Under tbe

!

assay conditiqns employed, N-oxidation was lyinear with respect to
.time from 15-60 minﬁtés.

It had l.)een demonétrated that both the oxime and nitrone could
arise from N-OH-NPA purely by chemicgl means but nothing was

known of the possibility of enzymatic conversion. To determine if

4
‘.

any oxime or nitrone arose as a result of metabolism of N-OH -

- NPA, N-OH-NPA was used as the substrate in incubation mixtures

'
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containing microsomes but no cofactors, boiled microsomes with:

i

cofactors, or microsomes complete with cofactors. The results of

!

this experiment are shown ip-fig, 26. The rate of conversion of

N-OH-NPA to oxime and nitrone in the first two solutions was

identical but slightly slower than that observed in the intact metabolism
mixture. This indicates that one cannot rule out enzyme-mediated -

| conversiﬁn of N—OH -NPA to oxime or niAtront‘a/’.__/-""’;;Beckett and Al-Sarraj
(79) reported that N-hydroxyamphetamine was not ‘megajbolize(.i: by
rabbit, guinea pig or rat liver hom?genates but r’ather the conversion
of N—hydroxygmghetamine to oxime in vitro was solely chemical.
Beckett and Gibson (137) have report.ed that N-hydroxy-dibenzylamine
ﬁé metabolized by r'abbit liver micrbsomes in vitro toas yet

unider ified metabolites. It appears then, that whether -or not’the
N-hydroxy metabbolites are further metabolizeAd, apparently va;'i.:is
with the individual N-hydroxy compound. | ' |

5. In Vitro N-oxidation Following Pretreatment of Rats

It has been accepted that many drugs and chemicals increase-
) AR . .
, _X :
the levels of hepatic drug metabolizing enzymes with subsequent
increases in metabolic activity (vide supra). Gorrod (72) has

poin‘ted out that little information is available regarding induction

. ¢

of the N-[oxidati'on of secondary aliphatic amines. Gorrod cites

unpublished observations of Beckett and others that indicate pheno-

barbital or 3-MC pretreatments do not effect the level of in vitro
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N-oxidation of amphetamine or N-methylamphetamine. The only
clear evidence regarding increased N-oxidation after enzyme
ipduction with phenobarbita\i or 3-MC was obtai.ned from studies on
amines which are N—oxidizédfby P-450, i. e. principally groﬁp
iI and III substrates kfig'. 8).
a. Pretréatment with (f)-NPA

An early attempt‘ t‘o increase the in vitro metabolic
N-oxidatic;n of NPA invoived inje;ting rats with (t)-NPA'HCI
according to schgdule 1 (tabie 11). The anin‘lmls were\fz}sted on the
fourt’een\th day ‘of.'treatmeﬁt p.rior to preparation of _the 12,000 x g
sﬁpernata}nt on ‘the foilowing day. An ether extract of a portion of
the‘ liver ho'r_no%genate was adjusted to pH 12-and extracted with
ether. This ektract was e#amined by g.1.c. on column C (1550)
and confirmed that it ;on;ained no residual NPA ox; metabolites.
When the 1ﬂ2, 000 x g supernatant was used with - normal cofaétors,
except nicotinamide, to metabolize (t)_.NPA, (+)-NPA, or (-)-NPA,
‘no significa.nt differences were observed (table 17) from results
obtained wiith non‘-pre‘treated animals.

There was a pc;ssibili_ty that the metabolic activity of the micro-
som;l.enzymes was affected in the garly st,.ages of the NPA p.‘re-,
trleatment'. I_t has b;en shown (138) that chronic; amphetamine
t"reatmenti_nv_i\_zé decreases protein syntfxe_sis in the liver and as a
result decreases the rate of its own metabolism and possibly that [

|
i
of other substrates,
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TABLE 17. 'IN-VITRO METABOLISM OF (+),' (=), AND (f)-N-

éROPYLAMISHETAMINE IN FORTIFIED INCUBATION MIXTURES
PREPAR;’:{D WITH THE ]2, 000 x g SUPERNATANT OF RAT LIVER
HOMOGENATE OBTAINED FROM RATS TREATED CHRONICALLY

1
WITH INTRAPERITONEAL INJECTIONS OF (t)-N—PROPYLAMF_’HETAMINE

Substrate -’ pmol product mg—1 pr’otein h
Controlé Pretreated
(H)-NPA 0.41%0. 04 0.42%0. 06
»(.+)-NPA 0.44t0.05 . 0.43%0. 05
(-)-NPA o 0.47%0. 05 0480, 06

1 ‘ ' -
Rats rece‘ved (f)-NPA (10 mg kg l) for 14 days

> E ‘
Sum of all ..netabolites (see table 12) produced in vitro. Samples
in¢ubated for 1h at 37°. Values are (f) S. E. M. (n=2).

,4

°
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To determine if there were any changes in the-igx_i_t_x_*g metabolism
of NPA in the early stages of chronic NPA treatment, rats (300-400 g)
were prepared and submitted to the same procedure as a-bove except
"that animals were sacrificed after 1, 2, 4, 6, 8, 10, 12, and 14 days
of pretreai£ment with (t)-NPA. Ew metabolism of (1)-NPA was
studied in each animal and the results are shown in fig. 2:/. As
Magour_e_z_t_a}i, (138) pointed jout for amphetamine, metabolism of
NPA under these conditions appeared to decrease. However, in
this case, the metabolism gradually returned to near control levels.
As concluded by Mégour_e__t_a_tl.(lBB), it seems that the tolerance
reported as a consequence of chronic ampheta‘mine treatment (139,
140) is not a result of increased metabolism of amphetamine but
rather more likely a cellular effect pr:oducing tolerar - within the
CNSsS.

When the amount of metabolism of NPA was expressed as umol
pr(i).duct formed mg_1 protein h-l, the results are vi‘rtually consistent .
throughout the duration of the pretreatment. This was a reflection
of the relationship of the‘ra.te of metabolism with respect to protein \
concentration. Observations of the food intake of these animals
showed a marked decrease in food consumed during the pretreatment
period which would lead to the conclusion that the anorexiant effects
of the : uphetamine was in operation. The rest.zlt may have been
an ifxcreased gluconeogenesis from protein with .subsequent decrease

in enzymes reflected as decreased microsomal protein and lower

amounts of metabolites produced.
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Fig. 27. Effect of chronic treatment of rats with (t)-N-propylamphetamine
on the in vitro metaboksm of (})-N-propylamphetamine (n=2). ‘

-



To determine the effects of chronic treatment with NPA for

extended periods of time up to 4 weeks, (f)—NPA was adfpinistered
in the drinking water (schedule 2, table 11) to eliminate the

. ' »
necessity of daily handling of animals and at the same time to

keep doses low enough to obviate the ‘decreases in microsomal

protein seen with i. p. treatment,

! .-

Raté-weighing 300-400 g were housed indiv.dually in wire

suspension cages and (1)-NPA-HC1 (0. 0}%) was dissolved in their
. \ '

) N

drinking water. For the ensuing 4 weeks,,\\food and water intake were

measured daily. The total dose of NPA inges\t‘gd rranged from

o

B6. 2 mg to(95. 5 mg. At the end of the four-week'treatment period,

the animals were fasted ovérnight prior to preparation of thé 12,000

x g supernatant as before. When (+—_)—NPA was used as tﬁﬁe\ substrate

in fortified ang incubation mixtures which were incubaté\d at
37° for 1h followed by ether extraction and g.1. ¢. analysis, no
differences were found inﬁ_vit_ro'metabélisr“n or in the leve1§. of
microsomal protein or P-450 (table.18). The corycld/si\on was,

therefore, that pretreatment -ats with NPA does not induce its

own metabolism but instead, in high doses, leads to a decrease in

. . - ‘ . N . . 1
microsomal protein and a subsequent decrease in its own metabolism.

DS

b. Pretreatment of Rats With 3-M(C 7%
Pretreatment of rats (250-300 g} with 3-MC (schedule 3,

table 11) resulted in a 39% .increase in total N-oxigized products

133
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<

TABLE 18. IN VITRO METABOLISM OF (!)_.N-PROPYLAMPHETAMINE
IN FORTIFIED INCUBATION MIXTURES PREPARED WITH 12, 000
x g SUPERNATANT OF RAT LIVER HOMOGENATE OBTAINED FROM

RATS TREATED CHRONICALLY WITH (1)-N-PROPYLAMPHETAMINE
1

IN THE DRINKING WATER.

Hmol product mg = 3 . mumE)]I Cyt P-450
protein h mg protein . - gm _ protein

2 2 :
Control™ Pretreated Control Pretreated Control Pretreated

o

0.42%0.05 0.41%0. 06 2.1t0.21 2.2%0.25 0.40%0.04 0. 37t0. 04
o : )

vl(t)—NPA'HCl (0.01%) was dissolved in drinking water and offered

to rats for 4 weeks

2 ) ' ‘ ‘
Sum of all lP_ vitro metabolites after incubation of 1h at 370. Values
‘are(t) S.E.M. (n=2). .

mg protein per ml of 12,000 x g supernatant
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and a 11% increase in C-oxidized products when (1)-NPA was used

as substrateg vitro at pH 8.4 (table 19). It was noted that the

i

increase inmﬁdé‘l C-oxidized products was due mainly to an increase
KA 3

¥
k¢

in 1-phenyl-2-propanone (IX) and amphetamine (VI). No increase
in the side-chain hydroxylated product (XVII) was noteil.

The increase in IX and VI while there was no increase in XVII
suggests that two enzymes were involveq; one enzyme (i.e., for
alpha -C-oxidation of NPA to IXv’and VI) which was susceptible to
3-MC indﬁction, an;i a second Qﬁ' , for penultimate-C-oxidation
of NPA to XVII) which was not.

Beckett et-al. (see ref. 72) hr;we claimed that 3-MC pretreatment
of rats 1_n£v_o does not stimulate 1_n\/1t_ro metabolic N-oxidation
of amphetan?ine or N—vrrvaethylamphetamine. The results Qith NPA,
showing an increased N-oxidation after 3-MC pre-‘treatment, indicate
that there may be more thz}";; one form of FAD-amine oxidase involved
in metabolic N-oxida%ien of aliphatic amines, similar to .the existence
of multiple forms of-P—450 f9r metabolic C-oxidation (34), each with
different substrate specificities.

c. Pretreatment of Rats With Phenobarbital

~Pretreatment of rats (250-300 g) with phenobarbital

(schedule 4, tab'. 11 and subsequent in vitro incubation of (t)—NPA

using the for’.‘»ﬁ” ' ).x g supernatant, resulted in a 30-40%
/\__/ . . \

increase in the .+ . o metabnl:sn of (1)-NPA to amphetamihe and

)

l-phenyl-2-propanone at pH 8. 4. A ,;ropojtionally greater i(t{ﬁcréase

g



TABLE 19. EFFECUTS OF 3-METHYLCHOLANTHRENE PRE -
TREATMENT qﬁ RATS ON THE IN VITRO META‘BOLISMZV
OF (‘t_)‘_N-PROP\}EA—MPHETAMINE IN FORTIFIED 12,000 x g
SUPERNATANT OF RAT LIVER HOMOGENATE.,

)

136

1

. | -
p mol mg protein h

Metabolite - _umol h” ‘ ‘ .
Control Pretreated Control Pretreated

I -phenylacetone (IX) 0. 081‘6. 001 o0.10t0.01 - 04t0. 004 0.042%0.003

amphetamine (VI)  0.37t0.05  0.49%0. 06 21%0.04  0.25 *0.02

2-OH-NPA (XVII)  0.0370.004 -0.04%0. 004 02t0.003 0.02 *t0.003

oxinte (X) | 0.03%t0. 002 / 0. 05t 0. 005 02t0.003 0.05 t0.005

NPA -nitrone (XVI)  0.25%0.03 t0. 02 .14%0. 02 .20 t0. 03

! - . )
20 mg kg ! single i. p. dose 24h before sacrifice

.

2 N . .
incubated 1h at 370. Values are (’-L) S.E.M. (n=2).



in amphetaminé prqduction than 1-phenyl-2-propanone production
was ob‘served in t_he phenobarbital pretreated’ animals. This more
selective increase in.amphetamine-prOducti'on suggests that the
enzymes x;esponsib.le for N-dealkylation of NP{\ are more susceptible
to phenobarbital induction than the 'deaminat:ior.x enzymie’s.

Total N-oxidized products after phenobarbital treatment either
stayed the same, or as in the case of one experiment actually
declined slightl_y. Beckett and Gibson (137) observed a similar
‘ J :
decrease 'in the amount of N-hydroxy metabolite formed from
idibenzylamine and concluded that phenoba»rbital pretreatment
increased the metabolism "c')f the initial N—hyd.rc;xy metabolite to an
as yet unknown compound. If N-OH-NPA was .métab‘olized to some-
thing * than what has been'reported'previously (vide supra),

this new metabolite could not be observed on g.1l.¢. or g l.c./m. s.

analysis.

2

6. In Vitro N-Oxidation in the Presence of Enzyme Inhibitory

. _ 1
Substances . . ‘

The incorporation of many substances into the microsomal
incubation medium has shown clear differences between the enzy'mes

responsible for C-oxidation in organic compounds and those enzyre
o

\

responsilale for the N-oxidation of certain organié nitrogen compounds
(72). Beckett et al.(62) claim that SKF 525-A does not affect N-|

hydroxylation of amphetamine while 4t the same time it blocks

137



> 138

formation of the deaminated metabolite, phenylacetone. In a

subsequent report, Beckett, Gorrod and L.azarus (141) reported

4

slight inhibition of the N-hydroxylation of N-methylamphetamine
. . {

when 8KF 525-A was present. Both of these substrates are of
.- group I (fig. 8), and‘prgsumably are N-oxidized by t:h‘e same
enzyme and subject to the same types of inhibition.

To deter;'nine the effects of SKF 525-A on the in vitro N-

6xidation of (t)—NPA, SKFL&‘S;A (2 ymol) was included in standard

incubation mixtures which were then incubated for lh. Subsequent

N .

g.1l.c. analysis revealed that only traces of amphetamine and

~

l-phenyl-2-propanone were formed indicating virtually complete
inhibition of P-450 mediated metabolism. There was also a

rhode.rate (25%) reduction in total N-oxiddation. Whether SKF 525-A

inhibited FAD-amine oxidase or whether this tertiary (group Ic,

'

f?g. 8) amine can also serve as a.\ substrate for the N-oxidative
enzy.me systeﬁ and thus compete(lwith NPA is not known.- G.l.c. /m S,
investigation ofla new peak in the extr;icts of thesie in vitro samples‘
suggested that SKF ¢525-A was metabplized to some extent but lin—

complete data made positive identification of the metabolite

~
™

impossible. .. \\ _

Pretreatment of rats with SKF 5?§5-A (schedule 5, table. 11) ,

pr‘ioyr to prepa_ration of the microsomal supernatant for in vitro, _

metabolic studies revealed basically the same pattern of metabolism
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of (})-NPA as discussed above for in vitro studies. Further studies
on the role 6f SKF 525-A in in vitro N-oxidation of secondary
amines are needed.

7. In Vitro N- oxidation in the Presehce of EDTA or Agcorbic

- Acid

When liver tiﬁsue is homogenized for purposes of in vitro
drug metabolism, rupturle of the endoplasn%ic reticulum occurs.
The small particles of protein which result, aggregate ijito spheres
referred to as rn’icrosome‘s. Thede microgomes become)encased

in a layer of lipid material which is believed to play a role in

preserving the metabolic activity of the microsomes (136).

Peroxidation of this lipid la;rer has$ been shown to be correlated

with a decrease in drug metabolizir.xg' enzyme activity in vitro.

Somé otber theories (27) also impljca‘té li’pids‘ as part of. the
electrqn transport system of P-450-mediated C-oxidation reactions.
A recent re‘por‘t (142') examined the role of EDTA!”in preventing
lipid peroxidation.and subsequent loss of enzyme activity. Using
the N-demethylation of _et'hylmorphihe as a marker, it was. found
that the presence of EDTA in the incubat‘ion mixture prevented the

'1oss of metabolic activity associatedy with lipid peroxidation.
To examine the role of EDTA in the N-oxidation of (t)-NPA
in vitro, standard incubation mixtures were ‘prepared and EDTA .

(0.1-1.0 mM) was”added. Samples were incubated for 1 h at 370,

extracted and an_alyzed'as before on g. l'c. When compared to
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c.ont.rol san’nplesv in wh'ic}; EDTA had been omitted, N-oxidation was
virtually unchanged wherea.s C-oxidation increasea in the presence
of EDTA (table 20). The qualitative nature of the metaboliém
‘ i ) i
1was not changed, i.e., no new metabqlites were observed.v In.creasing
‘the amount of EDTA to .mo-re that\ 1 mlM did not further improve
overall rﬁetabol'ism. This inforr‘nation would seem to support t}:xe
view (27) that lipids might be involved in P-4F1>0 mediated C-oxidation.

Rats treated with 3-MC were also included in this series of
e;cperiments. When““E-D'TA (1 mM) was added to in vitro incubation
mixtures containing microsome.s prepared from ‘pretre‘ated animals,
no further increase in 'the metabolism of (t)-—NPA beyond t};at seen
in the absence of EDTA was observed. These res‘ults indicate ti’nat
little 1f any lipid péro_xidaﬁon has occurred in the _1_9&{9_ system

~used here and cannot Be held resi)onsible for the low ﬁ.etabolic N-
oxidation of NPA in rat liver homogenates. In view of this relakively
minor effect of EDTA on N-oxidatien, routine use of EDTA in
in vitro stpdies bof N-oxidation is not warranted. Furthermore, ° |
EDTA complexes wigh'divalent cations, e.g. Mg+4. What affect
this hazs on in vitro me_taboliém is unknown.

Both in vitro and in vivo metabolism may be affected by ascorbic
acid deficiency (143-145). A recent report (146) descr‘ibes experi-
ments using weanling guinea ;E)'igs in-which aﬁ increase in drug

4 . .

: ' -1
metabolism was produced by large doses (75 mg kg ) of ascorbic
!
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TABLE 20. EFFECTS OF EDTA ‘AND ASC(I)RBIC ACID ON THE
IN VITRO.METABOLISM' OF (})-N+PROPY LAMPHETAMINE IN
FORTHHEDINCUBATKNQNHXTURE%CONTAHHNG12 000 x g
SUPERNATANT‘OFI&ATIAVERIMOMOGENATE)PREPAREDIFROM

CONTROL AND 3-MC TREATED RATS,

: ' 2 P2
Conc. (mM) ' pmol N-oxidized products pmol C- ox1d11ed products
mg'.1 protein h-! mL protem h-l
|
control _pretreated control- Bretreated
‘ : T
. Control 0.16%0. 01 0.22%t0. 02 0.27%t0.02 . 0.31t0. 02
! . . \
EDTA
0.1 - 0.17t0.01 0.22t0.02 0.27%0. 02 0.30%0. 03
+ A + 2ot aatg
1.0 0.16%0. 02 0.20-0.02 0.35-0.04 0.33-0.03

Ascorpic Acid
0.1 0.16t0.03  0.22%0.03 0.2°°0.02: ~ 0.32%0.01

1.0 0.14%t9. 01  “0.22%0.02 0.28%0. 03 0.33%0. 02

1 ' ' ‘
Samples incubated for 1h at 37°, Values are (1) S.E. M. (n=2).

see footnote. 2 to table 15
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acid as compared to non-scorbutic controls. The mechanism of this
incyeased metabolism is not clearly understoc;d bu‘t thought to involve
P-450.

Other studies (147) indica‘te‘ thatvt:he présence of ascorbié acid
in incubation mixtures increases the rate of lipid 'perogidation.
The result was a decrease in ethyl}norphine den%ethylase activity,
and, surprisingly, an increase in anilir;e hydroxylase. The authors

j | ,

explained thisjanomaly by pointing out that ethylrporphine exhibits

i - ; '
ith P-450 whereas aniline exhibits type II. They

type I binding
suggesf that the ryquirements for lipid in P-450 mediated C-

oxidation varies bgtweenithese two binding sites.
: I

In view of this information and the fact that rats can synthesize
ascorbic acid while guinea pig‘s cannot (146), it seemed possible

~that ascorbic acid may in fact be involved in metabolic N-oxidation

f
! t

of*aliphatic amines in rats.

Standér’d incubagipn mixtures Gveré prepared from livers of ,
3-MC treatSFl and ;ontrol rats (300-350 g). Ascqrbic acid (0. 1- | )
1.0 mM) was included and the mixtures incubated for 1h at 370.
G.l.c. analysis of thlese samples rev‘(iéaled little difference in the
ﬁétabolism; of (1)-NPA befween ascorbic acid-treated and non-
treated sémples (t-abl:c;é?). Inabding 1 mM EDTA in add‘ition to
ascorbic acid did not‘eff;ct the metabolism.

What role if any ascorbic acid plays in the in vitro N-oxidation

of amphetamines in rat liver homogenate is obscure. Resolution
\ :

- .
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may be found by placing fa,ts on a diet which would .promote ascorbic

acid deficiency, at which stage, in vitro studies of metabolic N-

oxidation could be performed.
A

B. In Vitro Metabolism of 1-Phenyl-2-Propanone Oxime (X) By

Rat Liver Homogenates |

‘Perusal of the literature review reveals that much controversy

/

exists over the méchanism of in vitro and in vivo formation of
l—phenyl—Z—propahone oxime from amphetamine and its N-

e oxime is formed
| - ,

‘metabolically while others claim that oximes are formed non-

alkylated.derivati'ves. S'ovme believe that th

enzymatically fx-'om metabolically produced };%ydroxylamines.

The quantities of oxime isolated in reported studies probably
do not refléct the ar;\ounts of oxime fox“med since it is known (88)
that in the presence of NADPH, Fhe oxi\me (X) is rapidly destroyed
by 9,000 x-g s1’1per.natant from rat or rabbi/t liver, buf_gg_r in E_he
absence of NADPH, thus implicating an enzymatic process. What
products were formed was not co’mplétely known. Some ketone
(IX) was detected but around 50% of the amount of oxifme added could
nét l')e. accountéd for (88). It was decided to investigate the metabolic
'fate of the 6xime.

Standard incubation mixtures at pH 7.4 contaiﬁling oxime (1 U”}OU
were incubated at 37° for ‘i h. The ether extrz;cts: of this: mixturel

were pooled, concentrated, and analyzed on g.l.c. column D (1550),

using PCP as internal standard. -
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~,

G.l.c. analysis (fig. 28) showed the éxtract to contain unmetabolized
oxime, X, (S‘O. 5%), a major component, ’Er 6.4 m“in (36.1%), and .
. 3 '
two minor components, Tr 1.95 min (9. 4‘7/0\2“,;and Tr 3.15 (1. 8%).
Percentage recoveries were based on the amount of oxime added
- to the incubation mixture and were obtained by reference to calj-
\ ‘ ‘
bration curvés. The two minor peaks were identified as 1 -pheny]-

Z-propanone (IX) and benzyl alcohol (XXXV], respectively, by

comparison of their g.1.c, .and.gul

samples'({ig.“29, 30). Diagns_‘s’tié' f
2-propanoné were of m/e i"34v.°j peak)& 77, 65, and

43, These arjse‘as: _showr} >ifnr fig.;.:' 2'-9.- A ke pr.ese'nce of an ion qf

m/e 45 and an ion of m/e 92 greiater in intensity than expected for
: ! .

an isotope‘gf m/e 91 (see fig. 29), led to' the condusioin that

"o there was some l-phenyl-2-propanol pr",es“ent in the ether extract

\‘\:_\('cf. fig. 19). Judging by the relative ;r;qounts of the ions of m/e

4\5 and 92, only trace qlxa;)tltles of l-phenyl—Z-propanol were

formed presumably by metabolic reduction of IX Benzyl alcohol,

like l-phenyl 2 propanone, exhibits a strong molecular ion of

‘m/e 108, Other diagnostic .ioﬁs In ifs mass spectrum include

m/e 107, 106, 105, 91, 79 (base peak), 77, and 65. The origin

of these fragments can be seen in fig, 30 (148)

These conclusions obtained using homogenized rat ljver super-

natant should be contrasted with the literature report (89) that the
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Fig. 28. G.1 c. separation. of

in vitro metabolites of 1-phenyl~
Z-propanone oxime

(X).. (R ef=p-chloropropiophenone)
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- | CH Céo_-r
12 \CH3
: ) m/e 134 .

N ( “']0 PhéHz ~— ! ' —_—r= ’

CgHs mle9l - PhCHp=C=0

mle77 - 1 - mle 119

- CgHgV’ -
e ' - mle 65 o
\
7
i o in vitro metabolite ~
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Fig. 29.- G.l.c./m.s. identification of 1-phenyl-2-propanone as
an in vitro metabolite of 1-phenyl-2-propanone oxime.
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CH OH—]

- OH
mle 108\~ PhéH2

"HV‘ \H m/e 91- \

CgHsCH=0¢ - [M—I]’ C5H5
m/e 106 m/e107 . mle 65
I-H. ) -CO
CeHsC=0  CgHsl' Cehy!"
m/e 105 mle 77 m/e 79

)’“Fag, 30 G 1 c. /mﬁ identification of benzyl alcohol as an in vitro
a*bohte o~f l -phenyl-2- prop?,none oxime.
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» — - 5,
L
8] ‘
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79 : 108
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5 ' 1&0 '
¥




' : ‘ ' 148

T oxime was extensively metabolized in vitro by rabbit liver p‘repara-
tions to the ketone (IX) and the related secondaryélcohol, 1 -phenyl-

2-propanol. Apparently a species difference ®xists in the métabolism
/ 4

of this oxime.

Diagnostic features in the major metabolite's mass spectrum °

LY

(fig. 31) were the F‘n'esence of a véfy weak mglecular ion of m/e
165 andoa cluster of-ions at 117, 118, and 119. A!so present were
lons diagnostic of the benzyl group & m/e 91 ~and 65, and the phenyl
group at'77 and 51. The intensity of Lb»e'm/e I'19 ion was greater
than e;xpected for the isotope peak of ‘idn m/¢ 118 and was deduced
to be an guthentic fragm'ent ion of formula XXXVI. The fr.. 'nent,
m/_e 118, was obviously ion XXXVII. The éame ion is a diagnostic

fragment in the mass spectra of I(f-hydroxylated ampl.~tamine ' -’:_
metabolites (98) Interpretation of the mass spectrum in this manner

indicated that he probable structure of the major metabolite of the

C

oxime was the nitro—comp_ound (XX) which fragmehted in‘ the .
mass spectrometer as illustrated in fig. 31. An authentic sample

of 2-nitro-1-phenylpropane (XX) was then prepared as outlined in

. scheme 21(see Methdds and Materials, sec. G.2). Synthetic XX 5

had g”17.c4 &&;’?g l.c./m,s. properties identical to those of
et . S .
metébo}}éqlly-pr dduéed nitro- compound. ol

It maw' argued that XX was not a true metabolite of th'é»"‘%ximeb

D

e

e e :
but instead was an artifact formed from the oxime or an initial
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-(')H . o, 1:- ’
-CH3
-8 — @CH CHNO +
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.  mle
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o - l . PhCH=CHCH3]'
s Ph;HZCHCH:; ' PhCH. . XXXVI ‘m/e 118
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Fig. 31. G.l.c./m.s. identification of 2-nitro-1- phenylpropane
as an in vitro metabolite of 1-phenyl-2- propanone oxime.
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CH3COONH;,

PhCHO ¢ CH3CHZ NO»>

HAc -
. NaBH, , |
PhCH=CNO, ~FhCH, CHNO,
CH3 CHj3 )
Scheme _?.-1

Fs

metabolite of it, by the action of peroxide present in the ether :

used in the extraction process. Two experiments were performed

to confirm that %« ni-tro—comp nd (XX) was formed enzyrnatically,
* ) @
N .

anc peroxides, if any were present in the ether, were not involved

in the conversion of oxime to XX.

The in vitro metabolism of oxime was repeated exactly as
previously describ~d, except that ether was replaced as LQ;‘ ' e
extraction solvent. Separate experiments using benzene, methylene .-

chloride, ior chloroform for extraction, were performed and when

4

these extracts were treated and examined by g.1.c. exactly as had

.been done with the ether extracts, the same three metaboli_tes were

produced. in quantities approximating those sh_o(vn in fig. 28.

A

The results shown in fig. 28 were obtained from metabolism

mixtures containing (a) oxime, 12,000 x g supernatant of homogenized

rat liver, and cofact'ors(. Four related experiments were performed



in which the metabolism mixtures contained: (b) oxime, 12,000 -
x g supernatant, but no cofactors; (¢) oxime and cofactors but no

L]

12,000 x g supernatant; (d) o-Sdme. cofactors and heat denaturéd

o]

12, QOO x g superna{tant; and (e) oxime and heat denatured 12,000
X g supernatant. |

Maximum metabolic activity was seen in reaction (a); only
trace quantities of ;XXflwere detected in reaction (b): no metabolism’

’ - . g3

‘occurred in reactions (c) - (e), substrate only being recovered.
~’b’ in some experiments, the iq’_\cﬁbat_ed ;netabolism mjxture of the
oxime was basified (pH 12-1 35 befo‘re extraction with ether. This
procedure resulted in corhplete 1gss of XX and a significant increase
(25-40%) in the amount of ketone (IX). The absence of XX)in the
ethgr extract was not surprising since nitro-comp.o“unds form
water-soluble salts in alkaline solution (149); howeveér, the
formation of the ketone by this treatment was; at’first. diffiucﬁlt.‘
_'.tc; explain. It has been shown that alipha;ic nitro-compounds are
~unstable in acid so}lution in which they unde:go the Nef reaction
(scheme 22) which convé-rts the;m to carb_onyl compounds (150),

RRCHNOZ — 21—+ RRTNO, — '

. +,O0H HO . = _ R
RRC=N/ 2- RR(;—N(OH)ZA—H—ZQ— RRC-NO
. OH ~-H OH ~ OH

<

RRC-0 + (NOH)  [2(NOH) == N30 * 0] S

151

»

)
. &

Scheme 22 ? >- N
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but this conversion is not reported to occur in basic solution, It
was conf%rmed that dissolutiop of the nitro-comp;aund {(XX) in
sodium hydroxide solution alone did not cause any conversion to
ketone (IX). When, however, micfosomgs were added té a sQlution
of XX in é‘queous sodium h'yvdroxide, a 40"/; qonversion of XX to IX
was observed. It is known (151,152) kthat nitro-compounds are
readily oxidized to ketones in basic ’solutions of oxidizing agénts.

It is concluded that the formation of IX f;bm XW b&¥ic solution

is mediated by the presence of peroxides or other alkali-stable

_dxidizing agents in the 12,000 x g superﬁatant‘

It is of interest to spec‘ulate on the mechanism involved in the
metabolic synthesis of the nitro—corﬁpound (XX) from the c_)xime.
Both N-oxidation and isomerization steps-are required in the
synthesis. Since metabgic ‘N-oxid,'a.tioh of ter.t‘iary arhines is a

.

common metabolic pathway (72) it is probable that the reaction

A

. sequence is initially N-oxidation followed by isomerization, but

o

the alternative pathway in which isomerization to the nitroso-
§ \

compound (XXXVIII) pr’eceeds oxidation cannot be ruled out

(scheme 23). p
The ;-esults ‘r'epo.vted in Sec. A. (vide supra) were obtained

re

2 -,

' prior to the discbvgr’f»of metabgﬁt.gXX. “Experiments have since

been performed ltci'_‘_czé,_te'r.'r?ine the extént of the metabolism of ‘oxime
| .‘x: . 'lf‘ e 3 ,. -
(which is formed during the in vitro mefabolis}m of NPA) to XX.
L yiror IS,

L RN

.‘.‘ y

152
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— e " H—O0 |

| 112 09 I

PhCHy —C=N —— ,-th2—$=§1—-0~
isomerization isomerization
: - 12 0y v .0
PhCH,CHN=0 ~——= PhCHCH-N{ o

CH3 | CHz
XXXV o XX

Scheme 23 L

Although XX could be identified in ether extracts (pH 7.4).0of

. i
"~ standard in vifro incubation mixtures where NPA was,% substrate,
- ] : '.' - . .

the amount of XX was too low for quantitation. . Under n%utral aqueous
. conditions the conversion of N-OH-NPA to the oxime is relatively
slow, the major product fofmed being the nitrone (vide supra). *

As a result, it is not surprising that little XX is formed from the

4
s

oxime in vitro when NPA was used as the substrate. ‘However, in

view of the relative ins,ta,bility'of N-OH -amphetamine and its rapid
conversion to the oxime in vitro, the metabolic conversion of X

to XX may be significant when amphetamine is used as a substrate

Y
v
13

A
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.
b

'in N-oxidation studies. The discovery of this new metabolite (XX)
of the oxime necessitates that the in vitr,/b metabolism of medicinal
. | : 4
amines, many of which prodiuce oximes as metabolites, will have to

be reinvestigated,

C.InVivo M. ibolism of ()-NPA And Some Related Amphetamines

Ir; thé Rat | ) . ‘ ~' ‘ |
As pointed out in the Litérature Survey, the metabolism and
excrgtion of amphetamine énd N—methylamphgtamihe in man and.
other species have been studied in considé_rable det:‘ail, but similz;r

& . ’ : .
studies on other*N-monodlkylated derivatives of amphetamine have

been less extensive (80,,'1‘\02—1 04). Investigations have shown that
B P L QJ . 5 /.
the most fmportantir_l vivo routes of b,i_otr;a!ﬁiv'iérma:‘tidn:'of[

,;A‘

amphetamines are aromatic hydroxylation, oxidative deamination,

aliphatic hydroxylation, ‘and N-dealkylation.

. ¥
The relative importance of each of these metabolic pathways:

varies with species. Para-hydrbxylatioh of a.r'nphevtamine,‘ N-
methylamphetamine, ephedrir<. norephedrine, N‘-(3-chidro—_r_1—
propyl)amphetaminc‘(Pondinil) and mephentermine occurs extensively

in the rat, but'in dog, rabbit, guirea pig and man, the extent of
' ' ' ' MW

metabolic para-hydroxylation is variable and greatly dependent upon

the structure of the amphetamine (103). Pondinil is the only ampheta}ni;ne

T

wi{h an N-alkyl group greater than ethyl which has been studied . -

» - .
metabolically in vivo (80). It is para-hydroxylated to greatly differing



" matic hydroxylation of these compounds, }
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-extents by all five species listed above (table 9). As mentioned

Previously, these in vivo results are markedly different than in

S,
B2,

" vitro studies of amphetamine metabolism in rat liver homogenates

(105,108) which report very little,or no para-hydroxylation. Similar
: o ‘ \

observations (see Results ar}d Discussion, sec. A) have been made

when NPA was u”d as a substrate_i_g vitro.

I
i

Further investigation of the@ vivo metabolism of N-alkylated .

amphetamir?és seemed warranted to determine the extent of aro-

1. InVivo metabolism of (})-NPA

L. .
a. Studies with normal rats ‘

Male Wistar rats were administered (t)-NPA by oral
intubation according to pretreatment schedule 6 (table 11). Urine
samples were collected and extracted with a mixture of ether and

methylene chloride. Phenolic metabolites were identified and .

L

quantitated on g.1l.c. column C (1550).

, Acidi-hydrolyzed rat urine was first to be analyzed. Tt was

~basified to pH 9.5 and extracted with et}he;—'methylene chloride,

G.1l.c. analysis (fig. 32) of the concentrated extract showed that it

contained numerous compounds includi ng two long retenfion time

)

me;abolites'(Tr = 8.8 and 13.5 min), designated A and B. respectively. -
Most of the more volatile compounds in this acid-hydrolyzed extract

were also present in a similar extract obtained from control rats

o
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10 " (MIN) 210 | <

- P ig. 32, G. 1. c.itrace of an ether- methylene chloride extract of
)‘»/\ hy rolyzed urine obtained from rats after administration of (- h-NPa.

- ) i 1 , .
s o .

1
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and were not further investigated. The same two metabolites,

A and B, were also shown to be present by g.l.c. analysis, in

the concentrated ether-methylene chloride extract of enzyme-hydro-

\

lyzed rat urine. An unhydrolyzed extract, or urine adjusted to
'PH 9.5, was found to contain amphetamine, NPA and small amounts -

of metabolites A and B, indicating A and B were excreted uncon-

i
i

juga{ed to some extent,

The mass spectra of g.'l. ¢. peaks A ané B were recorded and \’aré\

.

sho‘{;‘n in fig. 33. Diagnostic ions in the ifnass‘ spectrum of compound
A were of m/e 192, 178, ?64, 107, 86 (base peak), and.44. Corres-~

ponding fragments appeared in the m. s. of the substrate NPA

(f_ig. 33) at m/e 176, 162, 148, 91, B6 (ba\se peak), and 44. thus

indicating that A was a mono-oxygenated derivative of NPA and that
~a ,. oy ‘
the oxygen atom was located on the ring or on the benzylic carbon

) .
but not on the remainder of the side-chain since 50t_h metabolite
A and NPA give rise to a base peak in their mass spectra of m/e

N ‘ _

86. Beéa-txse'N—methylamphetamine is .kno.v;a}:_(99)‘ to be metabolized

in vivo in the rat to the para-hydroxylated derivative, metabolite A

was tentatively identified as 1-(4-hydroxyphen, -2-(n-propylamino)-

propane, 1i.e. B-'O’H-NPA (XXIII). Its m. s. fra_gmentatio’n beflavior

(fig. 34) was consistent with this conclusion. A subsequent synthesis
“ A

of XXIII gavie a compound with a g.1.c. retention time and a2 mass

157

spectrum identical to that of metabolite A. In addition, when metabolite
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4-hydroxy-3-methoxy-NPA as in vivo metabolites of NPA,
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¥
A was reacted with trifluoroacetic acid anhydride (TFA), two products
| :
with characteristic g.l.c. retention times were obtained and were

identified as mono- and di-TFA derivatives XXXIX and XL respectively

by their m.s. fragmentation behavior (table 2'1). Synthetic compound EY
| o o

XXIII behaved identically on g. 1. c. and’g, l.c./m.s. after derivatization -
with-TFA.

Diagnostic ions in the m. s. of metabolite B (fig. 33) were of
m/e 223, ZZZ,F 208, 194, 137, 122‘, 107, 86 (base peak), and 44

By employing arguments similar to those used to interpret the m. s.

: . ¥ _
of metabolite A, it was c‘oncluded that, since megabolite B retained
the —CH(CH3)NHBPI~ side~-chain of the substrate NPA (base

. R Vs '

p.eak of l;n/e’ ; & pbs’sible st‘ruc'tur'e for metabolite B was a ring-

metho%ylated%i‘vative of A (fig. 352. Arpmatic r"nethyl ethers expel

both a fo/rmaldehyde‘molecule anci ha methyl radical (153). The production
: .o . .

of the odd-electron io‘ﬁ, m[/e' of 122, from the even-electron ion,

m/e of 137, may seem to bfa an unlikely transition. However,- the
same ioﬁ, m/e of 137, is also a fragment in the m s. of a me’tabolite.
of 3,4-methylenedioxyamphetamine (154) and i’t d‘e_c‘omposes to ions
m/e l'Zzlénd 107. A metastable ior; is present %n support of the
fragmentation m/e 137 +m/e 122.

The point of attach'ment of the methoxyl group to the aromatic ring
was tentat;;/ely deduced to.be at' C~3 since 4~Hydroxy-3—methox;phenyl

, : 7

derivatives are known metaboliteé of diphenylhydantoin (155) and

-
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TABLE 2). GAS-1L, IQUID CHROMATOGRAPHY /MASS SPLCTROMLTRY
PROPLRTIES OF TRIFI UOROACETYL DERIVATIVES OF IN VIVO.
MI:.TABOI ITES OF NPA AND NBA, |

) T
/ Compound , G.l.c. Trl l ) ’m:.s'2,3
XXXIX | | 10.1 230 (28), 182 (100), 140 (76).
~ XLI . 18.0 260 (58), 182 (100), 140 (72).
3 :
XL ' . 20.4 289 (1), 182 (89), l40(100)ffl34(81),.
S * 107 (39).
) - , 7 H\J
- XLII - 25.4 . 319(5), 182 (98) .,/ 164 (71), 140 (100),
137 (29), 134 (22).
T o
Column C, '155‘. ' ; i s ‘

2
m/e (% relative abundance)
Idenhty of ions:
| : ) | . _

R

‘ : + ’ “ o +- X

~

-

m/e 182 - . _
M*, m/e 289 (R=H); 319 (R=OCH,)
. + . . :
CH3 CH= NHCOCF, : R? ’
m/e 140 ' - - ' 7t
° | . R'O CH=CHCH,4
- , . L. ) 2
o Ho—G—CH2 o RORT
3 ' : , 134 H H

164 H  OCH,
. 230 CF;CO H
- : 260 CF;CO OCHj

m/e 107 {R=H); 137 (R=OCH,)
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XLI and XLII (table 21), w1th those ofban authentlc sa/mple of XXV Jﬁn

IR ’ : : . ,
s 1 . x .
_ v _ l ’:L
" . — . . . i N .
' W

& o ‘ . | | 16%

T R . 2 &

W .
g 1¢ N

glu( # mide (156)’and 4-hydroxy-3-methoxymandelic acid is a
. 3

major metabolic product of the two catecholamines, norepinephrine

anil”epinephrine. whose enzymat‘ic@;g;nthesis begins with the amino-
rac“id'. bhenylalhin‘e (‘1 57). A& far as could be determined, howeéver,

L » ‘ 'Y g i
" no reports have appeared literaturé which describe the production

’
) N NN

of rmg-hyﬁ&)xylated.and merboxylated metabolites of ring-substituted
; \aV’ :

ot it

amphetamme hke substrates
sy
. . ‘
Confirmation of the entlty of metabolite B asystru,cture XXV
t ) -
was obtamed by dxrect compansonbof the g 1‘ c and g%g,/m 8. . . i,
J - o

7y

propernes of the rﬁetabolue and its mono- and di- TFA de’%agi\g;s'; .

g . ¥ : . s AR "o,

and 1ts 'EI«A.denvatlves. : ..
Loant

. ' hd .
s - v . ~

' i
X - e a 5y .
Quasnﬁtatxve !st1mat10n of the amounts of metabolites A a.nd B in

' kS
ext'ractsux anfydroky7ed and acid- hydrolyzed urme from six 1nd1v1dual
e Q

. oL L
rats revcialed that 18 39 @range 17.73- 20, 1%) of thédifdde of NPA was .~

¢ _v«
v b 3

excrefed as. f@lé;#)ohte XXI11I u\ froee (z 3-3. 19%), K

<1

conjugated %0 17..9%) form and 3 3% (range 2,36, 9%) as. 'W)

»

metabohte XXV in'free (0. 4-0. 6%) and conJugated (1.9-6. 3%) form.

* . o ' ) ﬁ .
The average total amounts, of XXIII and XXV isolated from enzyme- -
hydrolyzed urine were calculated to be 18. 0% .and 2. 5% resypec'tive}y. e

a

indicating that glucuronidase hydrolysis under the conditions employed

in this study was not as efficient as acid hydrolysis in liberating
. y

" XXV frdm its conjugates. Re.co‘)ery of unchanged.-NPA averaged



&~

" catecholgO- methyltransferase (COM’M to yield XXV, .(‘&OMT is

" in tf!xe rat. In the present study, the presesce of 3,4- dihydroxy-NPA

N L y ' ‘ I' ‘
| o o o
' : : 164

-
0

‘v
.

0. 88 mg (range 0, 48 l 29 mg) or 2.9% of the administered dose.

| v

The sum of NPA, metahﬁqhtt ﬁ'and B-ccounted for only about, 25%
' e

>

, of the adn‘nmsiercd dose of NPA o v ‘ .

It is asgwmed that metabolite XXV originated from XXIII via. a

.V

catechol i'ntermediatp (scheme 24) which is O-meth'ylation by

v : “ " L o ,
_ .: . ' ‘ - | ‘?’_'."
~ HO R Com_t’ y .
) & '
[ 4
XX v uXXV C
¢ ] ; Gx .
% ; @ s
, R R g :
T‘ i % I’; - - ..\ * @) .
‘r' ‘0 "%.'J ‘:‘!:’ g‘:::_\ o
(SN 5 u . ’
' . " “&;\s : h R A
o ""Scheme 2 . :
,-..tf;;q * - ?g‘ r& ) .

. . )
knbwn (158) to O- methyla;e other catechols and ca%'ammes,

LI
ahd its inVo\w‘énwnt‘has Jﬁ‘).sugg-e‘sted (155), in the in vivo forma‘t‘ion

v

& ¢

of 5 (4- hydroxy 3- methoF) 5- phenyl‘hydantom from dxphenyll‘*iz:ntr

b4

e

\ L]

cohld‘-not b;_ confirmed in the urine of rats whlch had received NPA,

q
In attempts to detect the catechol 1ntermed1ate 'p-OH-NPA %as
gdministered orally to rats at a dose wh1/b was approx1mately
equwalent'to the amount of p-OH-NPA seen in the samples from rats

-~
- . .
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-

,,,(‘

\

o e

4
-

Sd ‘,-Q v
gwen NPA The urine was cullected pooled and extracted with

ether-methylene chloride as be_fore. G.l.c. /m, 8. analysis.of.the

o

conc‘éﬂ’trated extract befo ¢ and after TFA treatment did not reveal
. “ ' V3

he -

Vo _ e O
the presence of a' cate. 1 intermediate. - It was phie ped, however, -

that metabolite XXV - . again present. (approxim tel’/y 8% of the dose).

Uy -

In this ihstance; the ratio of XXV:XXIII {(1:3) was greater than thaq’"

observed whed NPA was administer,ed (1:5). This observation would
seem t8 support the claim that XXV arose as a result of metabolism
of XXIII . ‘,
: ’ ) : °

Du}-mg5 the course of the experlment:s 1nvo.lv1n£., quantltahon of th%
,)7 a

in vivo metabolltes of NPA, 1; became read)ly apgareq,‘t &t only a -,

] w

o
L N

fraction (about one—thn‘d), of the administered, dose of,NPA was

_’véred_ais.NP“A or metabofites. To doterrmhc the excretion

PO - ¢
pattern af the, rmg-‘hydroxylat’ed metabolites of NPA NPA was
s ~

administered t3 ra&s by oral mtubatmn and the urine and feces,ua

N collectqd for 8 dayz-s E\tracts of urme andrfecaknpleq for . -

r

each 24h p‘erlod wer'e analy: ed on g. l.c. for metabolites XXIIl.and

XXV, before Aand after acid—hy&rolysis. 4 c
' . .

Analyms of these samaes revealed that traces of XXIII could
o.-v,c -' - ¥ R

be ‘detected in. thr«-urme up to 4 days after a s1ng1e dose of NF’A

L v / B L

whe‘reas XXV was undetectable after 2 days..‘ Neither 'of theSe two
N AT A

\ : 4

metabolites could be detected in the feces. More intensive studies

] . . . < .

‘being performed at the time of.this writing indicate that p-OH-NPA

is only very slowly excreted in vivo in comparison to NPA,

i
» ’
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Micrq—o,rganisms pf"edght in the gastro-intestinal tract (g.i.t.)
’mayvplay a role in the metabolism of certain drugs (159, 160). 'fo
what extent the natural flora of the g.1.t. may be involved in drug ,
‘metabolism is not completely known, but ce‘rrainly any drug
administered ()x'a]ly cé\xld onceivz;bly be a candidate for\'moe£abolism

by bactéria in the gut,

To determine whg;.ther or not intestinal microflora were involved

in the metabolism GWPA. one group of rats were giv{en NPA orally
w
accordm}, to qchedule 6 (table 11) and another g‘roup recelved NPA

.
M
]

i.p. accordmg to schedule 7 (table 11). Urine samples were

3

collectpd. pooled. and analyzed as before. G.l.c. analysis revealed

‘-' _;;5, el “
no qrgmf "awﬁt{hfferenco in ‘the total amounts of 'metabol\sm of NPA
4w .

in elther grmkp T hle fmd;ng and- th“ack O“etaﬁ'olxtes in the fecos.

would ‘seem to mdlcato that thc mteehnal micro- fl(fge art‘@not 1nvolved

in the meta¥olism, barti'cularly the‘merhoxylation'. of NPA, F-u:ther

1

studies involving in vit$..c{11t11re’s‘ of intestinal microflora and NPA
' or p- OH-NPA as qubstrate would be neceqqary ‘bofore ehmmatm!., /
completely tw&\%volvcment of gut’ bactorm in (he productmn of XXV,

» -

'b.  Studies with uremic rats . . L

! . ~ , M \’;-' ra
v O ' " 4
- Chronic uremia in animals' gnd m¥n _has been shown to

. . P

g .
produce a variety of phytiologica'l chz‘mges includi élterations in.

- the metabollsm anti excretion of many drugs and chemlcale (161-164).

Lo \a‘ o a . B . . -
A model that is p&?g\cularly sulted for 1n v{tro énd 1?v1vo metabolic

R



v

i

v

-

; #ﬁw? 167
s l _ .

studics of the effects of uremia because of its biochenlical simi- :

lar 1t1os thh -u(fenhd in humans. is the sub-totally neph'rcctomiu-d?

rat (161). Rats us'ed in the present studies, which werc prepared

-

, "
» PR

by Dr. U. K. Terjner. had one entire kidney and approxin{étely two-
i " ‘ . \ B .
thirds of the other kidney removed éubﬁcally in a two-stage operation.
’ ;- \ . A :

It has been shown (161) that the full effectsiof this‘ surgical removal

“

are manifest thhm 30-60 days post—qurklcally and therefore métab*}

bm(he of éhrom( uromla can be undertaken thhm a few iweeks
. ! L,l ~ i
after surgory. 1

Ur t‘n\l(‘ rat that recexve&k) NPA (100 mg., kg" ) orally exfnbned .
. . ‘1}'-.‘ R .
e\tremoly 10w tolerance td this dosago lev&l“and 100% - mortahty

was observed within 2+4h of dosmg . 1t was not untxl the dose of NPA
Sy A 19 - } ' N
was regiu( t"d to 1‘3 mg kg that the

uc rats suxvxved 10ng cnom,h

(l e. up to § dayq) to collect quffxmpxﬂ arine for 2. w Qnalym

‘w
. ﬁ.

Urme from thc ammals troated thh the low doses of NPAQ@V;\S

extracted with ether in a 1iquid—liquid e'xtractor. at p}‘"l 9.5, before

and after acid hydroljysis. G. 1. c. analysis of the concentrated

N .-

ether extracts revealed. as with the normal rats, both‘B-OH-NPA

(\\III) apel the hydrO\ylat‘ed methoxylated met:\bollto (XXV) Wﬁl‘fb

formed lydﬁ.m %ﬁ”&*\qe.' the amountq of each were nearly twice

thaf obsorved in non- uredm;c ‘controls (1 e. 47.5- ‘:»0(.1 Yo a__d 6. 2'3 8. '3,0.

%
2
v 2

respect! V.- Gt‘%ater"amqunts of unchanged- NPA were als’o"récovered
. T

2 s s RN NI
(1.7-2. 89%) f.rcmx the@igine of the ugemic ammalq am from' controls

{ .



M

The reason for the increased amounts of recovered metabolites

\

and NPA is not clear, Chrohjc uremia id man and animalsg has been

shown to produce a decreased drug-metab.lizing capability (161,164).

However, in uremia; large volumes of l.uf\e vrine are excreted.
: e . ' !

v - 3 N
It is-conceivable f})at the increased Ievels/'()f metabolites observed
‘ . : . "/ ‘ ' . \

in the urine of the uremic aqimaﬂl‘s used in this study’was not a result
. 2 ‘ " ‘

. }\r ™ »,‘\ . .
of increased metabolism but rather a refle(ptxon of an fﬁcreaé‘%d

Lo

B , . &

rat& of‘;’;excrenon of the metabolites once they'weré formed.

-,(] s, \ I “wa
It is dlfflcult to accural’ely determme the exact cayse of the

o,

»

Lo ., . - » " K

f \
lower LDSO in these. ammals in responqe to NPA but it has béen ‘
N | ’
) - ,..~'_-.4 “ ) | e
shown ux’ﬁ_'mxc ammals are su‘bjeqted tp a gxaat deal of
£ i
. Stre ' Lcufatcd thaﬁ’»these d!rom;’ally’uremlc ammals L

v

\

'c‘annot adapt phymolo&xca‘lly to, t.he CNS stlnﬁulatxon produced by‘ o

L& 0
~,

NPA, T he xesult is death po,asibl‘y hfom cardm vascular collapse

[N
P 'M;

v

Z In vivo metabolism of‘homol‘ogs of NPA v D \

,‘ 3

of NPA lead 1o speculatlon that anxphetamme and 1ts other N.- alkyl

’l

" homologs may also be metabolized ip vivo in thi% manner. Four B
o . —r — .

¢ ~

alternative substrates were readily avaﬂé_'ple for these in vivé

S ‘ ‘ .
studies: amphetamine, N-mniethylamphetamine, N-ethylamphetamine

and N- (n butyl)amphetamme e . _ :
R ¢ - . ‘ V ‘.-. > '
‘ (’-)-N-(_x_{-‘buty-l).amphetanlineﬁN-BA). -

4

()-NBA was adminisiéred ora&ly to male rats according
to schedule 11 (table 11), and the metabolites extracted from pooled,

« ‘ .

\
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Dlscovery of Jthe ring- hydroxylatéd and mbthoxylatod me?abohteq
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r!",n ‘ ) . )

cid .}h(drolz}ed urmc. ad)usted to pH 9.5 préqr bo extrachon. w1th
- LN - - g

ether- mebhﬂene Ehlonde G. L, c. analysm of the concentrated

) . ether-methylene chloride extract r¥vealed the presence of two major

-

b mwéltaﬁolites (Tr=14.8 and 20. 6 min) designated C and D respectively,

v
\»

y\ togethéf with amphetamine and unchanged NBA., The mass qpcctra
\ o - &

of &-and D wer'e recorded and compared with the mass spectrum of
IlIBA (fig. 36) and the mass spectra of metabolites A and B (fig. 33).
Tt was; obvious that metabolites C and D (fig. 3(;)- bé,haved similarly
\ . ERREE
to A an(bB in the mass spectrometer, anng the same ai'g\iments
as appllied' td metabolites A and B, n\etal.)o{ite C was deducéd to be

of str\vlcture\XXXIII and metabolite D to be of stru"ctu‘é‘XXXIV. '

Subsequent synthesis.and g.1.¢./m. s. Wacterization of each
1384 H
b 3 . ,.,j. 4 R <: ‘ . )

compound confirmed these stx‘\létlxre‘s", %"‘*
The results of quantitation of the amiounts. of XXXHI and XXXIV

present in the urine iR free and conjugated forms are shown in table

22. N-dealkylétio{n of NBA\ to amphetamine occurred only to a very
B «” ] . ‘

small bxtent (2%) and no p-OH- amphetamme could be detected.

b. (-)-Amphetamme

[N

Para-hy.droxyam'phe.tlafmine is the'rhajor ingrivo metabolite

S

.

o

of amphetamlne in ti > ra%‘,é&l 03 It was specu'lated,”as' Qutlined
Q:r

prev1ously, that Eara h,ydroxylanon wa's the flrst step in the metabolic’ |

‘ ,synthesm of the hydroxylatgcﬁ methoxylated metabolltes, ie.

XXIII *)\)\V (vide supra), and this prompted the thought that amphetamme

-
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Fig. 36. G.l.c./m.s. identification of Eara-hxdroxy-NBA and -

4-hydr.oxy~‘3_— methow.y-NBA as\E vivo metabolites of NBA.
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\
\
*d ' \
: [
SUMMARY OF THE' QUANTITIES OF RING&;’&ROXYLATED
ok
LATED METHOXYLATED IN VIVO ME; OLITES
i'.. Y
‘ ——b
Drugor Metabolite % of Dose Recovered ‘ T otal
) Free Conjugated ' -
| | ' S R |
1, ,,(i)z—NPA ‘ 2.9(2.5-3.3) -- 2.9(2.5-3.3)
p-DH-NPA 2.7(2.3-3.1)  17(15.0-17.9) 18.3(17.3-21)
e S -
4-OH-3. MeO-NPA  0.5(0.4-0.6)  2.9(1.9-613)  3.%2.3-6.9)
2. ‘(H)-NBA L 5.1(2.1-8.1) -- 5.1(2.1-8.1)
p-OH-NBA Np? ND 22.3(19. 3-25, 3)
' 4-OH-3-MeO-NBA ND ND 9.5(8.3-10. 8)
\ . e
3. (D-Amphetamine . © <) | | <l
*¥y p-OH- Amphetamule ND 6(1 1-28. 5) ZQI().I:—&B. 5)
| * 4-OH- 3Meo- | . A
‘ Amphetamine -8 -- . 3 . L. “
4. (H)-NMA _ 13.9(9.4-18. 5) -- 13.9(9. 4- 18.5)
" p-OH-NMA -- 23(15.1-33.2) 23(15. 1-33 2)
4-OH-3-MeO-NMA' . | -
5. (})-NEA 4(2.5-5.5) - 4(2.5.5.5)
 p-QH-NEA 1.3(1.1-1. 5) SRERELVS SR LYS -
4-OH-3-MeO-NEA -- . -- © 6.9(5.3-8. 4)
S . 4
- - . - < y
\ o’ Ld
5 : v . : ) R ! |
. i - o] 'R !
ot - D e
range is given ih parenthesis \ : f
. . i
. not determ?ned /

: -/

&’»&‘

P

:H\&Aat‘. hd 4,‘\}, ORI
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might also be metabolized to a hydroxylated, methoxylate# derivative
‘ * N N ,

in vivo. ng‘-‘)st‘ \ /\ " : v o ; 4 >
Male| rats were gwen( ) amphetamme orally accordmg to

P o
s\ﬁwdule 8 (table 11). The urine was collected, p()oled and extracted

w1th ether methylene chloride at pH 9. 5 after-acid- hydrolys:s
G.l.c. _and g.l.c. /,m. 8. analysis of the concentrated ether-methylene '
'chloridé extr‘a)rr revealed only a very small an_'lot'mt of E—Oﬁ-amphetémiﬁe
kﬁgﬂ, :37) and no ring-h;rdroxylated and methoxylated metabolite.
" It.ghould be pot‘nted out tt\at‘it was known that atnphetaminc is
metabolized to a variety of products }_.“EKY.Q (103) but in the y\expgr.-i}‘
ments just deseribed, the prim‘ary; interest was»to deternwih;e;,‘;l\%hevr

T
a hydroxylated and methoxylated metabolite of amphetamme -Wa,

-,4\

, . . . _ . .
] . , : . N v\ﬂ%a W
formed. ;- I N : ol " W o - P ; &

of amphetamme. vér,.y poor extractmn{ZO 25%) of_g -OH- amphetgmlne
) wlth ether from aqueous solutions at pH 9.5 was observed. When w
Cﬁ i’w

’h

an et,he;f- ﬁethylede c.hloride (14‘ 11) 'n;xixt'ure was used for extractior}:‘)’
recovery of_g -OH-amphetamine from doped" solutlons was st111 Very

poor ('30%) in comp.‘arissn to the same ex'traction pxoceﬁure £,
‘ . .

o . OH - NPA (recovery 60-7.0% ). Varying the pH of the doped*solutions }
. e
SN
- lvxt}un the range 8. S 10, 5 did not 1mprove the eff1c1ency of p- OH-—
@ amphetamme extractwn over that observed atan-I 9 5. Furthegmore,
- < . < 3 . . .

£ '
-

i whe&ealibration curves for Q~OH»-’amphetarnine were cqnstructed\‘
"% from these ether extracts, they were found to be variable and poorly
” . . ‘ . .

' ;epr oducible.

S !
'

. '
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In an attempt to improve on the quantitation of ring-hydroxylated:
metabolites, a continuous liquid-liquid extractor was employed.

When ether alone was percolated {for 24h ,thx:bugh ay'gontrol urine

. \
N ‘\

sample, Whlch had been doped w1th2 OH amphetamme and adJusted

N

to pH 9. 5. eff1c1ency of the extraction improved, but only to-a total
of 30- 35% However, suhsequent construction of calibratibn curves

from data obtairied in this system were found to be r"e'p'ro(iuvc‘ib,le and -

- , w - . ‘
. . N . . : * .
linear in the concentration ranges encountersd in the in vivo experi-

. N . L ] .

ments A major proble%of the llquld 11Qu1ﬂ extractOr was the tend-, = |

‘;‘u\:,' ‘ . . -
ency of tg‘e ehkﬁex*hurme mixtures to form emulslons Wben emulsions '

formed ext&?tlon eff'xmency of all rmg gayd;oxyiated metabohtes i

. was. ,marke&y ‘reduced. ‘Formation of emulsmns by shakmg extracﬂ)n
) . . . , . & . . .
. I .. ‘l‘ “’"&:

vessels cohtammg lvent and urme‘-&was also an.ever present,

pted to the very low recoveries of p-OH -
) - .o : . ) . ’ . ,

.amphetamine observed in\earfy studies. XA
. J.- - k3 h ¢ VIR 3 3 .
.The in.vivo metabolism ;5f‘.ampheta§mn£;5was reinvestigated taking e
~2-M1Vo 1% ‘

” ¢ . B RN

spéciél care to avoid foi-.rkiatio'n of e‘mulsi‘ons and il'sing t}f\e carefully
libration'curv‘es.' pesbite co-;r\e'ctf'on fo%thé 10\; rec'overy ,

A —'t. k] L4 A ! ' / ‘ _' . fﬁ

=z of etamine, only 20~ 25%001’ the‘dose of amphetamme was -'s"'.'l _ '

o

/ '
 This fin_d{ing P

/

at clalms 6 0%

3

./,

contrasts markedly w1th a pubhshed report (103) t
- .
of the dose of amphetamme is excreted as p- OH amphetamme ‘
. ”ﬂ ) ‘///: . ) - )

M

B

. v

PR



A possible explanation of the apparent differences in the in‘vivo

amphetamine metabolism observed may be in the fact that the dose

g

of amphetamine employed in this study produced marked CNS

stimulation, The net effect on the rats as a result of this stimulated

state was a marked decrease in food and water intake ! 1bsequently,

verv little urine was excreted. Lowering the dose of arnphetamine
-1 , X . .

to 10 gnmg kg eliminated much of the overt CNS stimulation but

-

also decreased the amount of p-OH-amphetamine in the urine to

the point that quantitation was made more difficult.
"In the absence of authentic 4-hydroxy-3-methoxy-amphetamine,
its g.1.c. andg.l.c./m.s. characteristics could not be determined.
f . :
However, repeated g.1.c./m.s. scannink of that region of the(g. l.c.
chromatogram where this metabolite might ‘elute, did not revé}al
2any indication that even trace amounts were present. TFA treatment

. * .
of a portion of the concentrated ether-methylene chloride extract

and subsequent g.1l.c./m.s. analysis also failed to reveal any ring-

S

hydroxylated and methoxylated metabolite of amphetamine.

In & final attempt to detect a ring-hydroxylated and methoxylated

175

metabolite of amphetamine, rats were administered p-OH-amphetamine

-1
(10 mg kg ) orally. Sufsequent g.l.c. and g.1l.c. /m.s. analysis

of the ether-methylene thloride extract of the acid-hydrolyzed

urine, did not producedhe metabolite in question. The conclusion

ies was that neither amphetamine nor p-OH-

)

from these st

“~n

. : Q
amphetaming was converted to a ring-hydroxylated and methoxylated

£

Metabolite i
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¢. (+)-N-methylamphetamine (NMA)

~

The in¥ivo excretion and metabolic reactions of NMA

176

have been reported elsewhere (99,103). It was not the intent to repeat

those previously performed studies but rather an attempt was made
\ -
v 1
to isolate and identify 4-hydroxy-3-methoxy-NMA (XX VIII) as an

in vivo metabolite of NMA . !

Oral administration of (+)-NMA according to schedule 9 (table 11)

and subsequent g.l.c. and g.1.c./m.s. analysis of the concentrated
-

ether-methyléne chloride extracts of acid-hydrolyzed urine which
had been basified to pH 9.5, revealed that approximately 30% of
the dose of NMA was excreted as _g—h-ydroxy_-N-methylamp};e'tamine
(E-O}{-Ngm, XXVII (table 22), and about 14% as unchanged NMA
(fig. 38). These findings correlate well with those of Caldwell

4 :
et al (99) who used (t)-l L -NMA, and recovered 30 and 11%,

pegtively, of these two compounds. They also found a nymber.

~

H

-~

dokof radioactivity. Confirmation of the presence of metabolically

‘ roduced 4-hydroxy—3—methoxy NMA could not be obtained in‘ ether-
methylene chloride extracts from the ‘urinevof animals treated
with (+)-NMA, either by direct g.-l.c./m.s. org.l.c./m.s. after
TFA treatment of urine extracts,

In an attempt to see if the ring-hydroxylated and methoxylated -
metabo‘lite (XX VIII) wals formed in vivo, rats were administered

~
~

r

respe
"61?&‘41- metabolites but could only account for 73% of the administered

\
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B-‘OH-NMA (30 mg kg-l) orally and the urine'was collected for three
i , .

L4

days. G.l.c. and g.l.¢c./m. s. analysis of the acid-hydrolyzed

extract, adjusted to pﬂi 9.5, revealed the presence of_'B-OH-NMA

179

(about 50% of the dgse), two unidentified metabolites in small quaritities

i 1
]

(Tr 1.2 and 2. 57 min) and another peak (Tr 6.2 min) whose mass
spectrum was reminiscent of the ring-hydroxylated and methoxylated
» v

compound® seen previously (cf. fig. 33,36). However, ba¢ékground

in the m’s. from interfering peaks in this area of the chromatogram

was so great_,'_ that small amounts of 4-hydroxy-3-“methox:y-NMA

(XXVII) that might have been present, were masked, making positive

identification impossible.

IP\/rould be pointed out that because of low-,extraction efficiency

Py ) v
“n
of p-OH-NMA (30-48%) and the relative toxicity of (+)-NMA

necessitating sma%l.dose's (cf. NPA and NBA), the ring-hydroxy'lated
“and methoxylated metabolite (XXVIII) may be fc;rmed, but in sﬁch
small qua.mtitie.s. as to make positive identification in\apoé‘ﬁble.

It is impo‘r_t'a.nt to note tl.mat, because of its ready availjbili;y, ‘
(+)-NMA was used in these studies whereas %JE)-N'MA w‘as us;d in

the studies of Caldwellit 1. (99). sBeckett d4nd Brookes (104)
have reported that the (+)-isomer of NMA is excreted in the urine
at a faster rate than (-)-NMA. It may be that the rate of excretion

of (+)-NMA was too rapid to permit metabolism to a ring-

hydroxylated and methoxylated metabolite.

d

N""Mu‘i’xuoﬁrn.‘\"-aA,,:. A
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. ) !

. i
‘During the studics just described, it was observed that in all

animals which had received (+)-NMA, the pH of the urine ‘was

consistantly lower (i. e. pH 5-6) than that of controls or animals

o

which had r’e:‘ed NPA or NBA '(i. e. pH 7.5-8.5). A lower

urinary pH has been reported (104) to increase the rate of urinary

~ e
)
excretion of amphetamihes. : , . /,N

BN ‘ v . - ‘

d. (})-N-ethylamphetamine (NEA)
. | ,

Oral administration of (})-NEA tq rats according to

. A
schedule 10 (table 11) and subsequent g.1.c.ad g.1.c. /m.s.

analysis of the.ueth'er-methylene chloride extract of !cid— A

r

Hydrolyzed urine, after adjusting to pH 9.5, revealed that nearly

half of the administered dose of NEA v;/as' excreted as p-hydroxy-

A}

N’-et‘hylamphetamine (p-OH-NEA; XXX) and 5. 3-8.4% as the ring-
hydroxylated and methoxylated metabolite, XXXI (tablf 22; fig. 39).

The same arguments were applied to the/g. 1. c/ms identification
of XXXI as was used to identify XXIII and XXV (fig. 33).
: t
It is worthy to note that with p-OH-NEA, as with p-OH-NPA

and._E-OH-NBA , the extraction efficiency from aqueous, solutions ‘

was ‘quite good (50-60%) as compared to the extractiorﬁ Te(sziciency

v . : U
of p-OH-amphetamine and p-OH-NMA (vide-supra).

e. In vivo metabolism of (£)-NPA in man

“ . R * .
In view of the abuse potential and ﬂsychological effects

of the amphetamines and the psychological effects of certain methoxylated

]
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‘4-hydroxy-3-methoxy-NEA as in vivo metabolites. of NEA,
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derivatives of amphetamine, it seemed appropriate to determine

whether or not amphetamines formed hydroxylated and methoxylated

o - ' .
metabolites in man. Because of the toxicity of (+)-NMA, (t)-NPA

was chosed as the substrate for in vivo study in man. ~ K
J ’
Two healthy male volunteers were given 25 mg (t)-NPA orally
- s \ .

and urihe saniples were collected for 24h. No attempts were made
to control urinary pH. The urine samples from each volunteer were

’

pooled and divided into three éQual por'tion-s which were treated as
: “

-
-

follows: (1) one poﬂion was-aajustcd to pH 9.5 and extracted with
ether for 24h on a liquid-liciuid extractor; (2) a second portion was
acid-hydrolyzed, édju-sted to pH 9.5 and extracted as in (1); and
*) a thirci p‘ort’ion was eniyme—hydr'olyzed over-;light and adjusted
to pH 9.5 and ex;ract‘ed with ether as in (1). |

+ G.l.c. and g.l.c. /m.s. analysis of the conc‘entrated ether
extrackts of enzyme- and acid-hydrolyrzed urine revéaledthat 14-15%
(3.‘6-3. 7'_mg) of the dose of N‘I-DA was excreted as E-CH-NPA (XXIII)
and that 2-7% (0.5-1. 6 mg) w-as.,exg:reted as 4-OH- 3-MeO-NPA (XXV).

- There have been no previous repofts :ih the literatur‘e of the formation .

of hydr;g)_(ylated and methoxylated’rﬁetabolites of any amphetamine
in vivo in man. Compounds similar to these hyaroxylated and
mﬁethoxylate(‘ib metabolites, such as methylenedioxyamphetamine

(MDA), are reported to be potent hallucinogens (165). _-The discovery

of these hydroxylated and methoxylated metabolites necessitates a

¢
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reinvestigation of fhe_@g vivo metabolism of N-alkylated amphetamines

.

and amphetamine-like compounds in man.

r

During the ‘course of the in vivo studies on amphetamine and its

N-alkylated derivatives, attempts were made to identify N-
-

oxygenated metabolites by means ’f Ag. l.c. and combined g.1l.c./
m. s. Although several g.l.c. peaks were observed when extracts

from non-hydrolyzed and enzyme-hydroly;ed urine were chromato-

-

graphed, scanning of these peaks in the mass spectrometer revealed

that none of these peaks were N- oxygenated compounds which would

4 -

imply that in vivo N-oxidation had not occurred.
Beckett et al.(62,63,97) have claimed that in vivo N-oxidation

does occur with N-methyl- and N-ethylamphetamine. Dring et al.

\

(99), on the other hand, could not identify any in vivo N-oxygenated

metabolites of N-methylamphetamine. The possibility exists
~however, that N-hydroxy metabalites may be formed in vivo and‘ \
‘ subsequently metabolically reduced back to.the parent amine, or to,

as yet, unidentified ‘metabolites,

184
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1. N—(E—Propxl)amphet;mine (NPA.) was founa to be a suitable
substrate for bo'th;i_lm vitro and in vivo metabolic C- and N-oxidation.
Numerous metabolites were isolated in both_‘i_r_xlr_i_t_xl; and in vivo

studies, and identified by means of gas-liquid chromatography

(g-1.c.) and combined gas-liquid chromatégraphy/mass spectrometry ~
(g.l.c /m s.). Proposed structures of metabolites‘were‘ confirmed

by direct comparisen€ with g. l.c. and g l.c /m‘. 5. ‘i;ehavior of

aut‘/hentic synthetic refer“ence compounds,

2. In agreement with literature cliaimsﬂstandard rat liver
homogeqate preparations were found to be low in their C- and N-
oxidative c.apabil_ities, However, several in'vitro metaBolites of

NPA were formed and identified through the use of g-l.c. and combi.néd »
g.1.d. /m.s. The pro.ducts identified included two N—Qxygenated
- metabolites, N-hydrox;r—1--phenyl-Z—(_r_l—pnopylamino)éropanc (N-OH-NPA),
and N- [(1 -methyl-Z-phenyl)gthyl ]-propanimine N-;)xide (NPA'-nitroﬁe‘)

as well as amphefami'ne, 1—'phenyl—2—propanone., 1-phenyl-2-propanone
oxime, and a previously unreported metabolite 2'—(Z—HYdroxypropylamino)-‘
] -phenylpropane.

3. Previously accepted procedures for the quantitation of in vitro
r;xetabolism'were‘foupd— to require modification to insure an acceptable’
level of accurac.y and specif{city. The standard method of g.1. c. ‘column
preparation was ultimately found to be unacceptable and an improved

method of preparation was*developed. As a result of this increased
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. . . .
g.l.c. column effic\xency, calibration curves were found to'be more

acqaurate'and reproducible In addition, refinements in th€extragtion
: \ -

procedure were introduced to »further increase the reh\bility of/the

quantitative analytical procedure.

4. % Rat liver homogenate could be induced to more rapidly N-

-

-

oxidizg NPA when the‘ rat was given 3-methylcholanthrene (3-MC) 2~4h
prior to preparation.of the hbmogenate for in vitro assa;r. Phenobarbital
pretreatm:ent'of rats for 5 days prior to preparation of‘the liver
hpmogenate did not increase in vitro metabc;lic N-oxiqation. Both
pretreafments, however, increased the rate of in vitro metabolie

C-oxidation of NPA, Pretre;tmént of rats with NPA decreased the
absolute amount of in vitro metébolisr’n of NPA but was shown‘to have
little effect when the results were expressed as . ymol of product

formed ’rrlg.1 protein h-l. This difference is explained.iry{he fact

that the amou‘nt of microsomal protein is reduced as a resullt of the NPA
treatment but.-the specific activity of the. enzymes present has not changed.
5. T‘he pH oi’ the buffer used in the in vitro incubation mixture .
had a marked effect on the Tates of both N- and C-oxidation of ;\IPA

by rat liver microsomes. Adjusting the pH from 7.4 to 8. 4-resu1tegi

ina 2-3 fold 4ncrease in in vitro metabolism of NPA. This increased
metabolism may be a reflection of the increased amount of the unionized,
lipophilic foﬁn of NPA (pKa = 9.9) at the higher pH. As a result,

more drug was able to interact with the enzymes responsible for its
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metabolism. As far as could bhe determined, no reports have appeare

in.the literature regarding the effect of pH on the in vitro metabolic

e . 3 .
N-oxidation of amphetamine substrates. ‘ .

Y
i

6. SKF¥ 525-A, a known inhibitor of cytochragme P-450, markedly

.

reduced in vitro metabolic C-oxidation. and to some extent, the N-

oxidation, of NPA. Cytochrome P-450 has been tmplicated in the

188

d

metabolism of many amines to their corresponding N-oxides, but it is

not believed to be responsible for the N-oxidation of amphetamines.

Further, FAD-amine oxidase, the enzyme thought to be responsible f

the-W-oxidation of amphetamines, has not been shown4eBr—sensitive

\,
.

/A A .
to 31\{1 525-A inhibition as is cyt

chrome P-450. The conclu-ion

S

amine,/,ngh? e a substrate for the

wa.q‘«‘that S\I’\EI;‘SZS_A' a lg‘rtiar

[ Sy . . . ! g
| A o I3 i .
am';meft}XJ'.d»ase enzyme and, therefore, \ringh’ «mpete with.NPA for
- s \ N\ / . )

N

the.a.ct‘i_ve/ sité on this enzyme .~ The,result was a decrease in the N-

.i& -~
needed. ‘ ‘

N A d
59‘ } ' ’
T Nicotinamide was clearly shown to be an inhibitor of in vitro

s

o £

N—o,\'ldatlpn oi{ NPA  1In view of the reports that nicotinamide is requ

l.‘: - - € v ..' ‘.‘ . . - .
for efficient N-oxidation of certain &rfibhetamine-like substrates

rcllatiéd.to NPA  e.g. phentermine, the requirement of nicotinamide

-

for i1 witro N-oxidation must be detérmined for each su_bstrate"iir}der

investigation. Much of the published data on in vitro N-oxidation

of amphetamines has been obtained from in vitro incubation mixtures

¢
.

‘ By L

or

are / )

‘axidation of NP‘A_;;Fu'r.t;her studies of the kinetics of this interaction

)

+

/

ired

o

in

which nicotinamide had been included but usually no attempts were made

v

e
Py
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to determine the effects of nicotinaxqpide on the N-oxidation of the
[

4

particular substrate under study.

8. The inclusion of EDTA or ascorbic acid in the in vitro incubation
. mixtures had little effect on the N-oxidation of NPA. From these
' \
results, it was concluded that lipid peroxi atlon {(inhibited by EDTA)

or ascorbic acid (synthesized by the rat) wer\ bable causes

of the comparatively low:levels of(N ox1détlon erved in rat llver,

homogenate, ,

9. . Invitro metabolism of NPA by rat liver homogenate was, to
4,
some extent, stereoselective. The rate of metabolic C-oxidation of

e ‘
(+)-NPA was greater than that for {-)-NPA whereas the opposite was

true for the rate of N-oxidation. This implies that there is a stereo-

chemical req{li;_ement for optimum fit of substrate to cytochrome
‘ _ , \

N

‘

P-450 and-FAD-amine oxidase’

’
.

10. N—'.hydroxy—NPA, the initial Nioxidized ntétabolite of NPA,

was oxidized to the rejatéd nri’\trone'llk aqueous solutions. This,
nitrone-in turn hydrolyzed to N-hydrc v~:nphetamine which was highly
.unstable and oxidized further to l—p}tenyl-Z»orOF.)anone oxime.

Althoug\h tHis sequence of events is igc ‘ral’v. thought to be a direct
' b

result of physical or chemical action, i.e. non-enzymatic, it was
!

L v .
shown that micrésomal enzymes. might play a role in this conversion.
L . - :

1. The in vitro metabolite of many amphetamines, i.e. '1-phenyl-2-

propagone oxime, is metabolizeqd further in vitro. - The major metabolite,
iy 2 10 VItro

-
~. RS LN
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Z-Ili!r‘()—l-ph(‘nylp.r()‘p(;ln(‘.. and two minor metabolites, 1-phenyl-2-
Propanone and benzyl ,alcph;)l, were identified by g. 1. c~and combined

gl c. /m. s and byvcompa rison with authentic synthetic reference
compounds. It is possible that if I-phenyl-2-propanone oxime is

further metabolized in vitro, it might also be metabolized via thi‘s

route in vivo, and this might explain why confliicting reports exist

in‘@tlhc literature regardin\g the significance of in vivo N—oxidatioj.

Iﬁ view of this discovery, the in vivo metabolic N-oxidation of
‘'amphetamines' capable of forming oximes should now be re-investigated.
12, In vivo metabolism in rats of NPA, or its analogs, amph.etamine,
N?rr/nethylamphetamine (NMA), N—:ethylamphevtamine (NEA), and N-
.(Q—butyl)amphofamine (NBA), resulted in the.formation-»of numerous
metabolites including the @—hydroxylated derivatives .ofﬂthe respective
substrates but no N-oxidized m‘etabolites were isolat'ed. Metabolism

of NE/‘;, NP.A ., and NBA, also resulted in the isolation of previously
unreported ring-hydroxylated and methoxylated metabolites‘. These

" hydroxylated and mefhoxylated metabolites apparently arise as a

result of Oemethylation of catechol intermediates which have not yet

<

been 1solated.

The hydroxylated and methoxylated metabolite of NPA was also
identified in the Li“rine,,&f\hurm‘an volunteers given NPA  Since ring-
. A
. L ) , b

hydroxylated and ‘methoxylated derivatives of amphetamine are known to

be hallucinogenic, it would he of interest to re-investigate the in vivo

me'tabolism of other Ting-unsybstituted amphetamines and analogs to

[ .

©
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\. .
determine whether combined ring-hydroxylation and -methoxylation is

a common metabolic reaction, and, if so.v»to.establlis‘h what pharmacological

properites these metabolites possess.

13 Quantitation of the amount of in vivo ring -hydroxylation of
o .

the amphetamine analogs in rats demonstrated that an increase in

\ the extent of ring-hydroxylation generally occurred as the N-alkyl

side-chain increased in length. The one exception was the metabolism of
. . :

NEA, which resulted in nearly twice as much Bara-hydroxy}lated

metabolite as any other substrate studied. The reason for this

anomaly awaits elucidation.
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Computer program for linear regression and correlation calculations
s

(Y

* : : .

*01005 E ° o

*01.09 A t X",X; I (X) 1.20 ‘

*01.10 S C=C+X;S D=D+X12;S N=N+1;GOTO 4.15

*01.20 S R=(H-C*E/N)/FSOT((D-C12/N)*(G-E12/N))_

*01.30 S A=(H-E*F/N)/(D-C'12/N) ‘ :

*01.35 S B=(E-A*C) /N ‘ -

. .
. #%02.10 T 1y R",28.04,R

*02.15 T 1 D.F '",N-2 - ~ _

*02.20 T 11 Y “sAN" X 4+(",B,I e .
*02.30 T '11"DO YOU WISH TO PREDICT X FROM Y? IF YES TYFPE «1;
*02.32 T I“IF NO TYPE Q."

*02.35'A Z o

*02.40 I (Z)5.10,5.20

. .

*04.15 A * Y'",Y3S E=E+Y;S G =G+Y12;5 H=H+Y*X; GOTO 1.09

* : - ’

#0510 A 1" YY", W;I (W)S.20;S T=CW-BY/AST." X, T
*05.12 GOTO S.10

*05.30 Q : i , ) T
* * - * . . R ! . .
*
* ] ’
*G o , Co . ¢
Xt1 Y:1 A )
X:2 Y2 X : o}
X:3 Y13 - - ¢
Xt4 Yt4. . : u k
X1 ; g A
R= 1.0000 o o o //
DeFo= 2.0000 . ‘ , (
Y = 1.0000 X a(= 0.0000) -~

DO" YOU WISH TO PREDICT X FROM Y? I'F YES TYPE -13
IF. NO TYPE QO.:-1 ' :

Yel X= 1.0000
Y:2 X= . 20000
Y:3  X=  3.0000
Y:ll - X= 4 -0000
Y:-1 =»



Computer program for quantitating in vitro drug metaboligm.
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.Ol.IO(T ! !""CORRECTION AND NORMALIZATION OF GLC INTEGRATOR DATA'!

01.20 D 2; : .
01.30 D 3;D a3T ¢+ =~ -
01.40 G 1.3 e
02.10 A 'C/How MANY STANDARD CURVES ? *,NS, ! »""DEFINE CURVES **}
02.15 F I=1,NS;D 6 A
02.20 A !'!"HOW MANY §BMPLF PEAKS ? ''NP, 1 ,
02.25 F I=1,NP;D 7 ‘\\T E”/// .
02.30 A '!"AMOUNT OF PROTEIN-PER INCUBATION IN GRAMS *,MP, 1;R
03.01 T !"**#t**"
03.10 A. !'1"SAMPLE INPUT DATA i.s. CIS,r v rIS)s.a,a.a
03«12 I (3-NP?3.2- : '
03.15 F I=1,NP; D 8; ‘
03.16 R
03.20 F 1=21,3:D 8
03.24 T 1
 03.25 F 1=4,NP;D 8
03.30 R
03.40 T 111113 @
04.10 F I=1,NP;S P(I)z(P(I)/IS BI(CS(I)))/BS(CS(I))
04.20 T !'”MICRONOLFS";D 9
04.30 F I=1,NP3S P(I)=P(1)/MP _
Q4.40 T !1"MICRO-MOLES/GM  PROTEIN'"; D 9;:R
06+10 X;T I™GURVE *'Z1,1," g- SLOPE (1/UM) **;X;

X
06.20 A BS(I)y™ INTERCEPT “BICI)3R

T I"FOR PEAK "“»1," USE CURVE ";X:A CSCIY," M.w.

“07T«10 X3
08.10 X;TA"PHX')I;X;A PCId,™ » ;R
09.01 S JU=0

09.10 I (2-NP)9.2

09.15 F I=1,NP;D 10

09.16 R '

09:20 F I=1,2;D 10 .
09.30 S J=J+13T ¢

09.40 1 (2+4%J-NP)9 .5

09.45 F I=4*J-I;NP;D 10

09.46 R

09.50 F I=4*d l.a*d+2,D lO
'09.60 G 9. 30

10.10 X;T P"!l.I;X;T Z>PCl)
* . ’

*x

. *G

COREECTION AND NORMALIZATION OF GLC INTEGRATOR DATA

cont'd
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Computer program continued

~
*
-
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HOW MANY STANDARD CURVES ?
DEFINE CURVES

CURVE 1 :- SLOPE (1/UM) .5 INTERCEPT :.002 : 7

CURVE 2 1~ SLOPE_C1/UM) :.4 INTERCEPT: : 0

CURVE 3 :- SLOPE €1/UM) :.5 . INTERCEPT :-.001

CURVE 4 :- SLOPE (1/UM) :.4 INTERCEPT :0 .
HOW MANY SAMPLE PEAKS 7 14 L o -

FOR PEAK 1 USE CURVE :1 MeWe 2177 ) .
FOR PFAK Z USE CURVE :2 M.W. :149 . ,

FOR PEAK#3 USE CURVE :3 M.W. 2193 : T
FOR PEAK 4 USE CURVE :4 M.W. :19]

AMOUN,T-OF' PROTEIN PER INCUBATIQN IN GRAMS 1.0018

Aok ok ok ok

- SAMPLE INPUT DATA I.S. 11000000 P1r2000000 'R2:20000 * P3:20000
P4:20000" . '

N * ' < . K
MICROMO&ES Pl= 0.399600F+01 P2-= 0.500000F-01 ~ &
P3= 0.420000E-01 P4=.‘ O-S}OQOOOE—OIT ’

MICRO-MOLES/GM PROTEIN P1=“0-222000E+021 P2= 0.277778E+02
P3= 0.233333E+02 P4= 0.277778E}+02; <L e

ok ok ok ok .



